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CHAPTER 1: GENERAL INTRODUCTION 
INTRODUCTION 
Plants and most micro-organisms have the ability to synthesize biotin. By contrast, all 
animals, such as humans, are biotin auxotrophs (Bender, 1992). The best known role of biotin 
is as a cofactor for carboxylases, which transfer the carboxyl-group between the enzyme 
complex and the substrate for carboxylation (Knowles et al., 1989; Nikolau et al., 2003). 
Addition of biotin onto carboxylases is catalyzed by a biotin ligase, holocarboxylase synthetase 
(HCS), to transform the apo-carboxylases into holo-carboxylases (Samols et al., 1988). The 
active forms of carboxylases, holo-carboxylases, are involved in many key metabolic 
processes, such as gluconeogenesis, fatty acid synthesis and leucine catabolism (Nikolau et al., 
2003). In both animals and plants, disruption of HCS expression can cause serious 
consequences. For example, mutations of human HCS protein cause multiple carboxylase 
deficiency (MCD), which is an autosomal recessive disorder typified by infantile neurological, 
developmental, and metabolic abnormalities (Sherwood et al., 1982). Though MCD is 
potentially fatal, most patients show an obvious recovery from their symptoms after the 
administration of pharmacological doses of biotin (Narang et al., 2004). We find another 
example of the crucial role that HCS performs in plants. Arabidopsis has two HCS homologs, 
HCS1 and HCS2 (Denis et al., 2002). Homozygous T-DNA insertion mutants of HCS1 cause 
embryonic lethality (Puyaubert et al., 2008). Thus, HCS has been shown to be required for 
both animals and plants in early development. In this dissertation, our results reveal that sugar 
may be involved in the regulation of Arabidopsis HCS1gene which associates with the control 
of flowering time. These results fulfill the goal of furthering the understanding of how HCS 
involves the overall developmental and metabolic networks. 
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Biotin 
Biotin, also called vitamin H or B7, is a water-soluble, B-complex vitamin which is 
required by all organisms, but only biosynthesized by most bacteria, some fungi and plant 
species (Bender, 1992). The best known role of biotin is as a cofactor for a small number of 
biotin-dependent proteins involved in the catalysis of essential metabolic reactions, including 
synthesis of fatty acids, metabolism of leucine and participation in gluconeogenesis (Knowles, 
1989; Nikolau et al., 2003). Beyond this role of biotin as a cofactor of carboxylation, biotin 
also appears to play a role in regulating gene expression (Dakshinamurti et al., 2003; 
Rodríguez-Meléndez et al., 2003). For example, biotin plays a regulatory role in the control of 
HCS and carboxylase mRNA levels in human cells (Solórzano-Vargas et al., 2002). 
Furthermore, there is some evidence that biotin regulates gene expression at the translational or 
posttranslational level. In Arabidopsis, it has been shown that biotin controls expression of 
methylcrotonyl-CoA carboxylase (MCCase) only at the translational or posttranslational level 
(Che et al., 2003). So far, this is the only evidence in plants to indicate that biotin participates 
in regulating gene expression. 
  
Holocarboxylase synthetase 
HCS catalyzes a biotinylation reaction that transforms inactive apo-carboxylases into 
active holo-forms (Samols et al., 1988). The counterpart of HCS in E. coli is BirA, which has 
been well studied for a long time (Eisenberg et al., 1982). Based on previous research, a two-
step reaction catalyzed by BirA and HCS has been elucidated (Samols et al., 1988). In the first 
step, an intermediate, biotinyl-5’-AMP (B-AMP) is produced at the expense of ATP. Then, B-
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AMP is transferred to a specific lysine residue of apo-carboxylase with release of AMP 
(Samols et al., 1988). Usually, this lysine residue is located in a highly conserved motif 
(Chapman-Smith et al., 1999). 
 
 
 
The first purification and characterization of HCS in plants was from pea leaves (Tissot 
et al., 1996). In peas, HCS activity has been indentified in three subcellular compartments: 
cytosol, mitochondria, and plastids (Tissot et al., 1997). These locations are consistent with the 
presence of the biotin-dependent carboxylases: homomeric acetyl-CoA carboxylase 
(hmACCase) and seed biotin protein (SBP) in cytosol, heteromeric acetyl-CoA carboxylase 
(htACCase) and geranoyl-CoA carboxylase (GCCase) in plastids, and methylcrotonyl-CoA 
carboxylase (MCCase) in mitochondria (Konishi et al., 1994; Duval et al., 1994; Anderson et 
al., 1998; Guan et al., 1999). Therefore, HCS may biotinylate these carboxylases in the cell 
compartments within which they are localized (Alban et al., 2000).  
In 2001, Stanley et al found a novel histone modification in human cells, biotinylated 
histones, which increase early in the cell cycle (G1 phase). Later, Gravel and co-workers 
reported that HCS appears to be the enzyme responsible for the reaction of histone 
biotinylation (Narang et al., 2004). However, biotinylated histones have so far not been 
identified in plants. 
Although HCS is essential for many metabolic processes, little is known of how this 
enzyme is regulated. Previous studies indicate that biotin can augment HCS mRNA levels in 
biotin-deficient rat and human cell lines (Rodríguez-Meléndez et al., 2001; Solórzano-Vargas 
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et al., 2002). Moreover, HCS protein may mediate the biotin-dependent increase in its own 
mRNA levels in human cells, and this mechanism may require guanylate cyclase and cGMP-
dependent protein kinase (PKG) (Solórzano-Vargas et al., 2002).  
 
Biotinylation of histones 
Histones were initially regarded as structural components, but now are thought to 
regulate gene expression as well. The amino terminus of histones (histone tails) protrudes out 
of the nucleosomal surface and is accessible to a variety of post-translational modifications: 
phosphorylation, acetylation, methylation, ubiquitinylation, sumoylation and so on 
(Kouzarides, 2007). Stanley et al discovered histone modification in human cells by 
biotinylation. Using specific antibodies generated against synthetic histone peptides, the 
individual sites of histone biotinylated in vivo were identified on H2A (lysines 9, 13, 125, 127, 
and 129), H3 (lysines 4, 9, and 18), and H4 (lysines 8 and12) (Camporeale et al., 2004; Kobza 
et al., 2005; Chew et al., 2006; Camporeale et al., 2008). Subsequent studies indicate that 
biotinylation of histones increase on a wide variety of cellular processes, such as 
heterochromatin formation, gene silencing, mitotic DNA condensation, and DNA repair 
processes (Stanley et al., 2001; Kothapalli et al., 2005; Camporeale et al., 2007). For example, 
the results of chromatin immunoprecipitation with using a specific H4K12Bi antibody, suggest 
that this histone modification site concentrates on pericentromeric heterochromatin 
(Camporeale et al., 2007).  
 
 
 
5 
 
Sugar signaling pathways in plants 
Sugar signals act both at transcriptional and translational levels under varying environmental 
stimulations (Roitsch, 1999; Coruzzi and Zhou, 2001). Furthermore, sugar signal pathways 
appear to be involved in responses to many biotic and abiotic stresses, often cross-talking with 
hormone factors (Gazzarrini and McCourt, 2003; Gibson, 2004). So far, at least three different 
sugar-sensing systems have been characterized in plants. One is a sucrose-specific signaling 
pathway; the other two are involved in hexose perception, which can be sorted by systems that 
are hexose kinase (HXK)-independent, or HXK-dependent (Rolland et al., 2002; Halford and 
Paul, 2003; Gibson, 2005). These signaling pathways regulate plant growth and metabolism by 
mediating gene expression and enzyme activities in both sugar exporting (source) and 
importing (sink) tissues, and this may optimize synthesis and consumption of carbon energy 
(Stitt and Krappe, 1999; Coruzzi and Bush, 2001). In general, a low sugar status enhances 
photosynthesis, reserves mobilization and exports, whereas a high sugar concentration 
increases growth and carbohydrate storage (Smmekens and Rook, 1997; Chiou and Bush 1998; 
Koch, 2004).  
 
DISSERTATION ORGANIZATION 
This dissertation consists of four chapters. Chapter 1 is the general introduction; 
Chapter 2 and 3 are two manuscripts which are in preparation for submission to Journal of 
Experimental Botany and Plant Journal; Chapter 4 is the general conclusion. The two 
manuscripts are both from the HCS research project.  
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The first paper is addressing the possibility of a previously unreported functional role of 
HCS1 in Arabidopsis. Our results indicate that HCS1 may specifically interact with 
Arabidopsis histone H3 in vitro. I made the discoveries and collected all the data for this paper. 
The second paper is a study on HCS1 regulatory pathway in Arabidopsis. Our results 
indicate that HCS1 may be up-regulated by an HXK-dependent sugar signaling pathway. 
Furthermore, the HCS1 reduction in shoot apex of HCS1-RNAi mutants leads to the delayed 
flowering time under short day (LD) conditions compared to control plants. Therefore, 
flowering time may be affected by an HCS1-involoved sugar signaling pathway. I made the 
primary observations and collected all the data for this paper. Dr. Hilal Ilarslan partly 
contributed the results in Figure 8 and Table S1. 
The final part of this dissertation is a general conclusion chapter that discusses the 
regulation of HCS1 and the possible new function of HCS1, and proposes potential 
experiments for future study.  
The appendix part of this dissertation is the work in process to build a new set of 
Arabidopsis metadata. Nick Ransom contributed to original data normalization and 
MetOmGraph software updates. Dr. Yaping Feng contributed to identifying the cutoff value 
and building the regulon network. 
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CHAPTER 2: ARABIDOPSIS HOLOCARBOXYLASE SYNTHETASE 1 
INTERACTS WITH ARABIDOPSIS HISTONE H3 IN VITRO 
In prepariton to submit to Journal of Experimental Botany 
Xi Chen, Basil J. Nikolau, Eve S. Wurtele  
 
ABSTRACT 
The traditional function of holocarboxylase synthetase (HCS) is to biotinylate carboxylases and 
to convert inactive forms of apo-carboxylase into active forms of holo-carboxylase, which is 
conserved throughout prokaryotes and eukaryotes. Beyond this classic role of HCS, recently it 
was found that HCS is responsible for histone biotinylation reactions in human cells.  
However, whether plant HCS plays a role in histone biotinylation is still a mystery. 
Phylogenetic analysis shows that plant HCS is homologous to mammalian HCS. Furthermore, 
amino acid alignment shows that the catalytic domain and C terminal domain of HCS are 
highly conserved in Arabidopsis, Drosophila, human, E. coli and Archaea.  Also HCS1 
physically interacts with Arabidopsis histone H3, as determined by a GST-pull down assay. 
Altogether, these results indicate that Arabidopsis HCS1 may be involved in chromatin 
remodeling, like other mammalian HCS proteins. 
 
INTRODUCTION   
Biotin is a water-soluble, B-complex vitamin that is required by all organisms (Bender, 1992). 
The classic role of biotin is to serve as a cofactor for carboxylases (Knowles et al., 1989). 
Addition of biotin to carboxylases is catalyzed by a biotin ligase, HCS (Samols et al., 1988); 
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this transfer takes place in a two-step ATP-dependent reaction, which has been characterized 
by comprehensive studies on the crystal structure of BirA, HCS of E. coli (Samols et al., 1988). 
In the first step, an intermediate, biotinyl-5’-AMP (B-AMP) is produced. Then, B-AMP is 
transferred to a specific lysine residue of apo-carboxylase, with the release of AMP. Usually, 
this lysine residue is located in a highly conserved motif (Chapman-Smith and Cronan, 1999). 
Five biotin-dependent proteins have been characterized in plants (Nikolau et al., 2003). 
One of these, seed biotin protein, possibly acts in biotin storage (Duval et al., 1994; Dehaye et 
al., 1997). The other four are carboxylases, homomeric acetyl-CoA carboxylase (hmACCase), 
heteromeric acetyl-CoA carboxylase (htACCase), geranoyl-CoA carboxylase (GCCase) and 
methylcrotonyl-CoA carboxylase (MCCase) (Konishi et al., 1994; Alban et al., 1994; 
Anderson et al., 1998; Guan et al., 1999). These enzymes are required in many key metabolic 
processes, such as gluconeogenesis, fatty acid synthesis, and amino acid catabolism (Nikolau et 
al., 2003) (Figure 1). 
Beyond its classic role as a cofactor of carboxylation, biotin also participates in 
regulating gene expression (Dakshinamurti et al., 2003; Rodríguez-Meléndez et al., 2003). The 
expression levels of genes encoding biotin-dependent carboxylases decrease in biotin-deficient 
human cells (Solórzano-Vargas et al., 2002). In Arabidopsis, biotin has been implicated in 
translational or posttranslational regulation of MCCase activity (Che et al., 2003). To date, the 
mechanism by which biotin regulates gene expression is not clear. Some studies have indicated 
the histones can be biotinylated, and this biotinylation increases during heterochromatin 
formation, gene silencing, mitotic DNA condensation, and DNA repair processes (Stanley et 
al., 2001; Kothapalli et al., 2005; Camporeale et al., 2007). Such modification indicates biotin 
may impact regulatory processes through remodeling histones. A variety of histone 
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modifications have been identified in eukaryotes (Fuchs et al., 2006). We speculate that the 
mechanism by which biotin regulates genes in Arabidopsis may involve histone biotinylation.  
It has been suggested that HCS may be responsible for biotinylating histones in human 
cells (Narang et al., 2004). In Arabidopsis, HCS1 may be the only gene able to biotinylate 
biotin-dependent carboxylases, even though there are two HCS homologous genes (Puyaubert 
et al., 2008). To further the understanding of how biotin impacts the gene regulation in 
Arabidopsis, we proposed our hypothesis that HCS1 biotinylates Arabidopsis histone proteins. 
To address this hypothesis, we did multiple alignment and phylogenetic analysis of HCS 
proteins across different kingdoms, including representative prokaryotes and eukaryotes. Our 
results show that the catalytic domain and C terminal domain of the HCS proteins are highly 
conserved across eukaryotic and prokaryotic organisms. Two previously unreported highly and 
conserved motifs are present in eukaryotic HCS proteins but were not identified in prokaryotic 
HCS proteins. GST pull-down assays indicate that Arabidopsis histone H3 specifically 
interacts with HCS1 in vitro. Furthermore, gel electrophoresis indicates that one band 
corresponding to the size of histone H3 may be biotinylated in Arabidopsis. However, our 
immunoprecipitation (ip) and 2-D gel results are not able to support the 1-D gel data, and 
suggest that the biotinylated histones may not naturally exist in Arabidopsis. 
 
MATERIALS AND METHODS  
Plant materials 
Arabidopsis seeds were surface sterilized and dispensed into solid MS medium. Solid MS 
medium in petri dishes contain 4.3 g/L MS (Murashige and Skoog salts), 1X B5 vitamins (100 
µg/ml myoinositol, 1 µg/ml pyridoxine hydrochloride, 1 µg/ml nicotinic acid, and 10 µg/ml 
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thiamine hydrochloride), and 0.6% [w/v] agar gel, buffered with 2.56 mM MES at pH 5.7 (Li 
et al., 2009). Whole seedlings grown until two weeks after planting were collected and total 
protein and histone-enriched proteins were extracted. Also these plant samples were used for 
immunoprecipitation (ip) and 2-D gel electrophoresis analysis. 
 
Cloning of full length proteins of histone H3 and HCS1 from Arabidopsis 
Total RNA was prepared from Arabidopsis leaf tissues which are grown in soil for three weeks 
(Li et al., 2009). RNA was extracted with TRIzol (Invitrogen) according to the protocol 
provided with the reagent. The first-strand cDNAs were produced by SuperscriptII reverse 
transcriptase (Invitrogen) with oligo dT as the primer according to the manufacturer’s 
instruction. PCR fragments corresponding to histone H3 (AT1G09200) and HCS1 
(AT2G25710) were amplified from the first-strand cDNAs with the primers listed in the table 
below.  
Construct name Primer name Primer sequence 
Histone H3 
(His-tag) 
HistoneH3fw CACCATGGCTCGTACCAA 
HistoneH3re TTACAATCTTATGGTTCTAATCAAA 
HCS1  
(GST-tag) 
HCSFW GGGAATTCATGTTGTTTCTCATTTCTT 
HCSRE GGCTCGAGTCATATTTTTCTTCGA 
 
Overexpression of His-histone H3 and GST-HCS1 recombinant proteins 
After purification of PCR products, amplified PCR fragments for histone H3 was cloned first 
into an entry vector pENTR/SD/D-TOPO (Karimi et al., 2002). After recombination with the 
binary vector pDEST17 (Karimi et al., 2002), the N-terminal His-tag was fused with histone 
H3. The protein construct was verified by sequencing. The resulting construct was transformed 
into E. coli BL21 (AI) strains (Invitrogen), which were induced for 4 hr by adding L-arabinose, 
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a control strain didn’t include any constructs. Proteins collected from E. coli cells were 
separated by 15% SDS-PAGE and stained with Commassie Blue (Laemmli, 1970).  
After purification of PCR products using the primers described in the table, the 
amplified PCR fragment for HCS1 was digested with EcoRI and XhoI and ligated into the 
corresponding site of pGEX4T vector. The resulting construct was transformed into E. coli 
BL21 (DE3) strains, which were induced for 4 hr by adding isopropyl β-d-thiogalactoside 
(IPTG). Proteins were extracted from E. coli cells, separated by 15% SDS-PAGE and stained 
with Commassie Blue (Laemmli, 1970).  
 
Purification of His-histone H3 and GST-HCS recombinant proteins 
E. coli cells BL21 (AI or DE3) were grown to an absorbance of OD 0.8, pelleted, washed, and 
lysed with lysis buffer (lysozyme 100 mg/L, 10 mM DTT, 1 mM PMSF, and 1% Triton in PBS 
buffer) (Ke et al., 1997). Crude lysate of GST-HCS1containing stains were allowed to bind to 
glutathione-sepharose beads (Sigma) and washed extensively with PBS buffer (137 mM NaCl, 
2.7 mM KCl, 10 mM sodium phosphate dibasic, and 2 mM potassium phosphate monobasic, 
pH 7.5). Fusion proteins (GST-HCS1) were released from beads by elution buffer (10 mM 
Tris, 150 mM NaCl, and 20 mM reduced glutathione, pH 7.5), and fractions were analyzed by 
15% SDS-PAGE. Recombinant His-H3 proteins were purified with Ni-NTA beads (Novagen) 
and fractions were separated by 15% SDS-PAGE. The gel electrophoresis and blotting were 
performed in a Mini-PROTEAN Tetra Cell and blotting module (Bio-Rad).  
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GST pull-down assay 
Purified GST-HCS1 and GST were incubated with glutathione-sepharose beads for 1 hr at 
4°C. Then 5 µg of Arabidopsis His-Histone H3 was added and incubated with beads for 
overnight at 4°C. Beads were washed extensively with assay buffer (10 mM Hepes, 100 mM 
NaCl, and 10 mM β-mercaptoethanol, pH 7.0) and resuspended in 2 x SDS loading buffer. 
After boiling and centrifugation, the supernatants were analyzed by 15% SDS-PAGE. For 
immunoblotting analysis, mouse polyclonal antibody against GST protein or rabbit polyclonal 
antibody against histone H3 protein (Santa Cruz Biotech) was respectively diluted 1:1000. 
Donkey anti-mouse antibodies and donkey anti-rabbit (Santa Cruz Biotech) were diluted 
1:5,000 and used as secondary antibodies. Signal bands were detected with Western 
Lightning™ Chemiluminescence Reagent (Perkin Elmer Inc.). 
 
Preparation of total protein and histone-enriched proteins from Arabidopsis young seedlings 
For total protein extraction, two-week-old young seedlings were collected by grinding tissues 
in liquid nitrogen and re-suspended in protein grinding buffer (50 mM pH 8.0 Tris-HCl, 1 mM 
EDTA, 10 mM DTT, and 1.5% PVPP) with PMSF and PABA protease inhibitors (Fatland et 
al., 2005). After centrifugation at 13,000 rpm for 15 min at 4°C, the supernatant was retained. 
          For histone-enriched protein extraction, two-week-old young seedlings were excised and 
homogenized in homogenization buffer (1M pH 9.5 Tris-HCl, 0.5M pH 8.0 EDTA, 1 M KCl, 1 
M sucrose, 0.1% [v/v] 2-Mercaptoethanol, 1 M spermine). The solution was filtered through 
gauze and Triton X-100 was added to the filtrate to a final concentration of 1% [v/v], and the 
mixture was incubated on ice for 10 minutes. Nuclei were pelleted by centrifuging at 1,800 g at 
4°C for 10 min. After the supernatant was removed, the nuclear pellet was resuspended in 5 ml 
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homogenization buffer. After centrifuging at 1,800 g for 8 min at 4°C, the pellet was 
resuspended in 5 ml lysis buffer (10 mM pH 7.9 HEPES, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM 
DTT, 1.5 mM PMSF, add PMSF and DTT just prior to use of the buffer). H2SO4 (2 M) was 
added to the solution slowly to a final concentration of 0.4 M. After incubation on ice for 1 h 
and centrifuging at 13,000 rpm for 10 min at 4°C, the supernatant fraction was carefully 
removed out and the pellet was discarded. TCA (100%) was added to the supernatant fraction 
to a final concentration of 20%. After Incubation on ice for 30 min and centrifuging at 13,000 
rpm for 20 min at 4°C, the pellet was washed with chilled acetone (chilled on ice) and dried 
overnight at 4°C. The pellet was dissolved in 2X SDS/PAGE loading buffer, boiled, and 
neutralized with 1 M NaOH to make the solution blue (Xu et al., 2005). The protein samples 
were analyzed by SDS-PAGE and western blotting, using anti-histone H3 (Santa Cruz Biotech) 
to detect histone H3 protein and streptavidin-HRP (Biosignaling) to detect biotinylated 
proteins. Streptavidin-HRP (Biosignaling) was diluted 1:100, and anti-core histone (Abcam) 
was diluted 1:1000. The signal bands recognized by these two chemicals were detected with 
Western Lightning™ Chemiluminescence Reagent (Perkin Elmer Inc.). 
 
Immunoprecipitation assays 
For immunoprecipitation experiments, anti-histone H3 (Santa Cruz Biotech) was bound to 10 
µl protein-G Sepharose beads (Sigma) for 3 hr at 4°C in 50 µl ip buffer ((20 mM pH 8.0 Tris-
HCl, 10 mM EDTA, 1 mM EGTA, 150 mM NaCl, 2 mM Na3VO4, 0.2% Triton X-100, 0.2% 
Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride). Protein extracts prepared from 
Arabidopsis young seedlings grown on MS medium for two weeks were homogenized in ip 
buffer, sonicated three times, and the supernatant cleared by centrifugation at 16,000 g for 10 
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minutes at 4°C. The appropriate antibody-coupled beads or beads only were washed and 
incubated overnight at 4°C with 250 µl of protein extracts. Beads were washed four times for 
10 minutes each with 1 ml of ip buffer. The resulting bead-bound complex were analyzed by 
SDS-PAGE and western blotting, using anti-histone H3 (Iowa state university) to detect 
histone H3 protein and streptavidin-HRP (Biosignaling) to detect biotinylated proteins. Anti-
histone H3 (Iowa state university) was diluted 1:500, and streptavidin-HRP (Biosignaling)  was 
diluted 1:100. The signal bands recognized by these two chemicals were detected with Western 
Lightning™ Chemiluminescence Reagent (Perkin Elmer Inc.). 
 
2-D protein gel Electrophoresis 
IEF was performed using an IPGphor IEF System (Amersham-Pharmacia Biotech). Protein 
(150 µg) was mixed with rehydration buffer (final volume of 250 µL), and the samples were 
loaded onto 13 cm strips (pH 9–12) and rehydrated for 2 hr at 20°C and 20 V for 10 hr, 100 V 
for 1 hr, 500 V for 1 hr, 1,000 V for 1 hr, 2,500 V for 1 hr, and finally 8,000 V until the total V 
hr reached at least 80,000. Before second dimension electrophoresis, the IEF strips were 
equilibrated in SDS equilibration buffer (50 mM pH 8.0 Tris-HCl, 6 M urea, 3% [w/v] SDS, 
20% [v/v] glycerol, and 0.125% [v/v] concentrated tributylphosphine) for 30 min with gentle 
shaking. After equilibration, strips were applied to 20% SDS-PAGE gels and sealed with 
agarose sealing solution (0.5% [w/v] agarose in SDS buffer plus a few grains of Bromphenol 
Blue). Protein samples were separated by SDS gel electrophoresis with running buffer (25 mM 
Tris, 192 mM Gly, and 0.1% [w/v] SDS). Electrophoresis was carried out at 20 mA per gel 
with a maximum of 250 V for approximately 6 hr. After electrophoresis, the gel was 
transferred to nitrocellulose membranes (Osmonics, NitroPure). Streptavidin-HRP 
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(Biosignaling) was diluted 1:100, and anti-core histone (Abcam) was diluted 1:1000. The 
signal bands recognized by these two chemicals were detected with Western Lightning™ 
Chemiluminescence Reagent (Perkin Elmer Inc.). 
 
RESULTS 
The functional domain of HCS is highly conserved  
The two alternative spliced mRNA forms of HCS1 in Arabidopsis encode two proteins: HCS1-
T (with a predicted target sequence, chloroplast and mitochondria localization) and HCS1-CY 
(no target sequence, cytosol localization) (Puyaubert et al., 2008). Both of these proteins 
contain a lipoate-protein ligase A/B domain (BPL_lipA/B) and a biotin protein ligase C 
terminus domain (BPL_C). BPL_lipA/B is a catalytic domain, which was initially determined 
from the crystal structure of E. coli BirA (Wilson et al., 1992). BPL_lipA/B spans about 109 
amino acids of HCS1-T and HCS1-CY in Arabidopsis. Our results indicate that this domain 
also has a high level of identity with sequences (about 30%) in Drosophila, human, and 
Archaea HCS proteins, consistent with previous studies (Chapman-Smith and Cronan, 1999; 
Campeau and Gravel, 2001) (Figure 2a). In addition, the BPL_C domain, thought to interact 
with ATP and substrates (Chapman-Smith et al., 2001), is also highly conserved across HCS 
proteins (Figure 2a). The N terminus domain of BirA is a DNA binding domain involved in 
transcription repression of the biotin synthetic operon. By contrast, the N terminus of 
Drosophila and human HCS proteins is unrelated to transcriptional regulation, and its function 
is not clear (Figure 2a). 
Further analyses of protein sequence alignment show that eight residues, which are 
identified to make a contact with biotin in the crystal structure of E. coli BirA, are highly 
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conserved across HCS proteins (Wilson et al., 1992) (Figure 2b). Notably three of them (Q112, 
G204 and G206 for E. coli) are identical. In addition, two motifs, LYYR/K and PDGNSFD, 
located in the C terminus of HCS proteins (Figure 2b), are highly conserved in eukaryotic 
organisms but not in E. coli and Archaea. There have been no previous reports about these two 
motifs. However, a missense mutation on Y663 located within the LYYR/K motif was recently 
identified in a patient with human HCS deficiency (Van Hove et al., 2008). Such motif may be 
important for completion of human HCS function.  
An evolutionary tree based on the BPL_lipA/B domain of Arabidopsis HCS1 protein 
across 28 species shows that Archaeal, bacterial, animal, fungal and plant sequences have 
distinct lineages, illustrating that this functional domain is ancient (Figure 3). The tree also 
indicates two lineage clusters: twenty species of eukaryotic organisms consist of one big 
cluster, whereas four species of prokaryotic organisms and four species of Archaea make up 
the other one (Figure 3). This bifurcation on HCS evolution may result in that LYYR/K and 
PDGNSFD only identified in eukaryotic HCS proteins.  
 
HCS1 interacts with Arabidopsis histone H3 directly in vitro 
To investigate the possibility that HCS1 is involved in histone remodeling by biotinylation to 
impact gene expression, we performed GST pull-down assays for HCS1 and Arabidopsis 
histone H3. Full length cDNA of Arabidopsis HCS1-T was cloned into pGEX4T vector (GST-
tagged) and transformed to E. coli BL21 (DE3); full length cDNA of Arabidopsis histone H3 
was cloned into pDEST17 (His-tagged) and transformed to E. coli BL21 (AI). After growth of 
the E. coli cells, recombinant GST-HCS1 and His-H3 proteins were purified and separated by 
15% SDS-PAGE (Figure 4a). Glutathione-sepharose beads liganded by either GST-HCS1 or 
22 
 
GST alone were incubated with recombinant His-H3 proteins. After being eluted from these 
beads, proteins were fractionated by 15% SDS-PAGE and transferred to a membrane for 
western blot analysis (Figure 4b). The membrane was cut into two: the top half (containing 
proteins from ~20 kD to ~110 kD) including both the GST-HCS1 and plain GST was probed 
with GST antibodies; the bottom half (containing proteins from ~6 kD to ~20 kD) including 
His-H3 was probed with histone H3 antibodies. Western blot results indicate that His-H3 
protein is pulled-down by GST-HCS1, but not by GST alone (Figure 4b), which suggests that 
HCS1 may specifically interact with Arabidopsis histone H3 in vitro. 
 
Histone H3 is possibly biotinylated in Arabidopsis from 1-D gel analysis 
Our in-vitro results show that Arabidopsis histone H3 interacts with Arabidopsis HCS1. 
Further in-vivo investigation is necessary. First of all, we testified whether histone proteins are 
biotinylated in Arabidopsis. It is a challenge for extracting pure histone proteins from 
Arabidopsis plants. So far, no successful technique is published. Therefore, we can only 
increase the proportion of histone proteins in total protein extractions. After using H2SO4 
precipitation, histone proteins content were enriched compared to whole protein extractions by 
using the neutral lysis buffer (Figure 5a, d). The western blot analysis indicates that after 
probed by streptavidin-HRP, the two bands of ~ 70 kD and ~ 45 kD are shown biotin signals in 
total protein and histone-enriched protein, and these are methylcrotonyl-CoA carboxylase 
(MCCase) and the biotin carboxyl carrier (BCCP) proteins. The core-histones with the size 
from 10 kD to 18kD are also biotinylated in commercial calf histone samples. To our surprise, 
one band of ~ 14 kD is shown biotin signals in histone-enriched samples. Further western blot 
analysis probed by histone H3 antibody shows that the size of this band (~ 14 kD) corresponds 
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to that of histone H3. Taken together, our results suggest that histone H3 may be biotinylated in 
Arabidopsis. 
 
Histone H3 may not be biotinylated in Arabidopsis from immunoprecipitation analysis 
To further investigate whether biotinylated histone H3 exists in Arabidopsis, we performed 
immunoprecipitation (ip) experiments using Arabidopsis young seedlings. In the 
immunoprecipitation analysis, proteins were extracted, immunoprecipitated using histone H3 
antibodies (Santa Cruz Biotech, anti-goat), fractioned on 15% SDS-PAGE after the ip, 
immunoblotted, and probed with streptavidin-HRP and histone H3 antibodies (anti-mouse) 
respectively. Figure 6a shows an ip experiment using histone H3 antibody (anti-goat) where the 
immunoprecipitate is detected by histone H3 antibody (anti-mouse) as a 14 kD band that is also 
present in the Arabidopsis young seedling lysate, but not in the lane where immunobeads-only 
were used as a control for the ip. Figure 6b shows the same immunoprecipitate as that in Figure 
6a is detected by streptavidin-HRP showing no biotin signal, but the biotin signals are present 
in the Arabidopsis young seedling lysate. Our ip data suggest that histone H3 may not be 
biotinylated in Arabidopsis. 
 
Core-histone proteins may not be biotinylated in Arabidopsis from 2-D gel analysis 
One band in 1-D gel electrophoresis includes many proteins. Our results indicate that one band 
with ~ 14 kD is shown biotin signals in histone-enriched samples, and the size of this band is 
the same as that of histone H3. However, we cannot have the conclusion that histone H3 is 
biotinylated in Arabidopsis, because some other proteins may contribute to the biotin signals 
according to the resolution limitation of 1-D gel. Therefore, 2-D gel analysis was used to 
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identify the existence of biotinylated histone proteins in Arabidopsis. After probed by 
streptavidin-HRP, the biotin signals are distributed around ~ pH 9. However, the core-histones 
are concentrated on the area from ~ pH 10 to 11. These results indicate that the signal patterns 
of biotin and core-histones do not overlap, and core-histones may not be biotinylated in 
Arabidopsis. 
 
DISCUSSION 
Biotin is able to regulate the expression of MCCase at a translational or posttranslational level 
in Arabidopsis (Che et al., 2003). The further question is what kind of mechanism does biotin 
use to mediate gene expression in plants. Biotinidase has been shown to biotinylate human 
histones in vitro (Kobza et al., 2005), but its activity has never been characterized in plants 
(Alban et al., 2000). By using bioinformatics tools, there are not any candidate genes from 
Arabidopsis that can likely be considered to be homologous with human biotinidase (data not 
shown). Therefore, our hypothesis is that HCS as the only biotin ligase in plants may play a 
possible role in gene regulation processes by biotinylating Arabidopsis histones, though this 
modification has not yet been characterized in plants.  
The results of the HCS protein alignments across Arabidopsis, Drosophila, human, E. 
coli and Archaea suggest that the BPL_lipA/B domain, the catalytic domain of HCS proteins, 
is highly conserved in all these five species (Figure 2a, b). However, it is not clear whether this 
functional domain uses the same mechanism to catalyze its two different substrates, histones 
and carboxylases, because unlike the carboxylases, biotinylated lysine residues of histones are 
not located in a conserved motif. In addition, the BPL_C domain of HCS proteins essential for 
interaction of HCS substrates and ATP is highly conserved as well (Figure 2a, b). Unlike the N 
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terminus of BirA, the BPL_N domain identified in Drosophila and humans is not related to 
transcriptional regulation (Figure 2a, b). To date, the functional role of the BPL_N domain is 
not clear. However, the identification of mutations in human HCS responsible for inherited 
metabolic disease, multiple carboxylase deficiency (MCD) shows that the BPL_N domain may 
be important for the complete catalytic function or HCS (Campeau and Gravel, 2001).  
BirA is known to catalyze the biotin carboxyl carrier (BCCP) part of bacterial acetyl-
CoA carboxylase (Samols et al., 1988). The unique helix-turn-helix DNA binding motif of 
BirA is involved in regulation of biotin biosynthetic operon. Thus BirA is a bifunctional 
protein in E. coli. Recombinant BirA is able to biotinylate K4, K9, K18 and K23 in human 
histone H3 in vitro and these individual biotinylation sites are also identified by specific 
modified antibodies in vivo (Kobza et al., 2005; Kobza et al., 2008).  
In addition to BirA, recombinant human HCS has been identified to biotinylate 
recombinant human histones in vitro (Narang et al., 2004; Healy et al., 2008). Further 
confirmation from in-vivo evidence is necessary. Biotinylated histone proteins were found in 
human cells (Stanley et al., 2001). Using specific antibodies generated against synthetic histone 
peptides, the individual sites of histone biotinylated in vivo were identified on H2A (lysines 9, 
13, 125, 127, and 129), H3 (lysines 4, 9, and 18), and H4 (lysines 8 and12) (Camporeale et al., 
2004; Kobza et al., 2005; Chew et al., 2006; Camporeale et al., 2008). Furthermore, 
endogenous HCS was identified to biotinylate histones in human cells (Narang et al., 2004). 
However, the author doubted their own in-vivo results recently (Healy et al., 2009), because the 
probe for detecting the biotinylated histones they used was avidin-HRP and this probe is not a 
credible one according to their investigation of biotinylation reliability testing (Healy et al., 
2009). Moreover, the opinion that the biotinylation of histones exist in vivo was challenged 
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recently (Bailey et al., 2008; Healy et al., 2009). A number of methods were used to determine 
the occurrence of biotinylated histones, including [3H]-biotin uptake, western blot analysis and 
mass spectrometry of affinity purified histone fragments (Bailey et al., 2008; Healy et al., 
2009). For each method, biotin can be found to attach the histone proteins in vitro, but 
biotinylated histones are not able to be identified in vivo from various sources (Bailey et al., 
2008; Healy et al., 2009).  
To determine whether Arabidopsis HCS is able to make a contact with histones, we 
applied a GST pull-down assay. The results indicate that Arabidopsis HCS1 interacts with 
Arabidopsis histone H3 in vitro (Figure 4). Moreover, our in-vivo results indicate that one ~ 14 
kD band shows biotinylated signals, which corresponds to the size of histone H3 (Figure 5). 
However, further ip experiments suggest that histone H3 may not be biotinylated in 
Arabidopsis (Figure 6). Moreover, the 2-D data indicate that core-histone proteins may not be 
biotinylated in Arabidopsis either (Figure 7). So far, it is still a challenge to identify the 
biotinylated histone proteins in plants. We suggest that the content of biotinylated histones may 
be tiny (Healy et al., 2009) or de-biotinylation happen a lot in Arabidopsis.  
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Fig 1. Biotin network in plants. 
Schematic map of the metabolism associated with biotin. Metabolites are black print. Red 
arrows represent the actions of HCS in biotinylating biotin-dependent proteins. The dark 
arrows represent other metabolic reactions characterized in plants. Enzymes identified by direct 
biochemical evidence are shaded in green boxes. The grey dotted arrows represent reactions 
characterized in humans or E. coli, but not in plants yet. Enzymes not identified, but 
characterized in humans or E. coli, are shaded with grey boxes. 
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Fig 2. Informatics-based protein alignment among eukaryotic and prokaryotic HCS. 
(a) Domain architecture of HCS proteins among Arabidopsis (AT2G25710), Drosophila 
(NP_649542), human (NP_000402) , E. coli (BirA), and Archaea (NP_125840). All of these 
five proteins possess BPL_lipA/B and BPL_C domains, colored green and orange respectively. 
BPL_N domain is identified in Drosophila and human HCS, colored blue. Unlike other HCS 
proteins, BirA has one specific domain for protein-DNA binding, HTH-ARSR super family 
domain, colored red (resource from NCBI, conserved domain database). 
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Fig 2. Informatics-based protein alignment among eukaryotic and prokaryotic HCS. 
 (b) The amino acid alignment of highly homologous regions of HCS proteins among 
Arabidopsis (AT2G25710), Drosophila (NP_649542), human (NP_000402) , E. coli (BirA) 
and Archaea (NP_125840), by using CLUSTALW. Eight amino acids required for biotin 
ligation are labeled by red frames, as refered by the crystal structure of BirA (Wilson et al., 
1992). BPL_lipA/B and BPL_C domain, colored green and orange respectively, are highly 
conserved in HCS proteins across these five species.   
      Location of Y663 mutation in a patient with HCS deficiency.  
 
 
 
 
 
 
 
(b) 
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Fig 3. Phylogenetic relationship among HCS proteins from different species. 
Phylogenetic analysis of HCS proteins using MEGA (V4.0). The neighbor-joining tree was 
derived from an alignment of the BPL_lipA/B domain of Arabidopsis HCS1 protein. Numbers 
indicate bootstrap support based on 1000 replicates.  
 
 
 
 
 
36 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 
(b) 
37 
 
Fig. 4. HCS1 intercts with Arabidopsis histone H3 directly in vitro.  
(a) Proteins extracted from recombinant E. coli strains were analyzed by 15% SDS-PAGE and 
stained with Commassie Blue.  
“I” represents E. coli strains with protein constructs incubated with IPTG (for GST-HCS1) or 
L-arabinose (for His-H3) for 4 hr; 
“C” represents E. coli strains without protein constructs incubated with IPTG or L-arabinose 
for 4 hr. 
 “P” represents that the purified recombinant GST-HCS1 and His-H3 proteins. 
(b) GST pull-down assay for determining the interaction between HCS1 and histone H3. 
Recombinant GST-HCS1 proteins and GST proteins were first incubated with Glutathione-
sepharose beads. 5 ug of recombinant His-H3 proteins was added and incubated for overnight. 
After incubation, beads were washed and boiled. Eluted proteins were separated by 15% SDS-
PAGE  and transferred to membranes. The membranes were probed with GST or histone H3 
antibodies respectively. Experiments were conducted in trireplicate. 
“Input His-H3” indicates 10% of the input recombinant His- H3 proteins was loaded on the 
gel.  
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Fig. 5. The band, showing biotin signals in 1-D protein gel, corresponds to the size of 
histone H3. 
(a) The same amount proteins were separated by 15% SDS-PAGE and stained with 
Commassie Blue. Numbers to the left of the gel or blot represent molecular weight markers in 
kD.  
(b) and (c) In the western blot analysis, the same amount proteins were transferred to the 
membrane, which were probed by streptavidin-HRP (b) and histone H3 antibody (Santa Cruz 
Biotech) (c) separately. All experiments were conducted in triplicate. 
“W” represents the whole proteins extracted from Arabidopsis young seedlings, which were 
homogenized with lysis buffer (20mM Hepes, 400mM sucrose, 1.5mM MgCl2,10mM KCl); 
“H” represents the Histone-enriched protein extracted from Arabidopsis young seedlings. The 
whole proteins above (W) were incubated with H2SO4 (0.4M) on ice for 1hr and then 
precipitated by TCA (Trichloroacetic acid). After centrifuging, the pellets were washed off 
with 80% acetone. 
“Ct” represents commercial histones from calf thymus as a control (Sigma H6005). 
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Fig. 6.  Histone-H3 immunoprecipitation assays. 
 (a) Immunoprecipitation (ip) of Arabidopsis young seedling lysate was performed using 
the Histone H3 antibody (Santa Cruz Biotech) coupled to immunobeads (lane 2) or with 
immunobeads only (lane 3). The immunoprecipitations were analyzed by 15% SDS-PAGE 
and western blot analysis probed by using Arabidopsis histone H3 antiserum (Iowa state 
university). Arabidopsis histone H3 antiserum detection of Arabidopsis young seedling 
lysate is shown in lane 1. Histone H3 is detected in the histone H3 immunoprecipitation 
sample as a 14 kD band (lane 2) but not in the control sample (lane 3).  
(b) Immunoprecipitation (ip) of Arabidopsis young seedling lysate was performed using 
the Histone H3 antibody (Santa Cruz Biotech) coupled to immunobeads (lane 2) or with 
immunobeads only (lane 3). The immunoprecipitations were analyzed by 15% SDS-PAGE 
and western blot analysis probed by using streptavidin-HRP. Streptavidin-HRP detection of 
Arabidopsis young seedling lysate is shown in lane 1. No biotinylated signals are detected 
in the histone H3 immunoprecipitation sample (lane 2) and control sample (lane 3). 
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Fig. 7. 2-D analysis of the possible biotinylated histone proteins in Arabidopsis.  
The proteins were analyzed by 20% 2-dimention gel with pH gradient from 8 to12. The 
biotinylated signals are concentrated at pH 9, but histone proteins are concentrated from pH 10 
to pH 12. The signals from the membranes probed by streptavidin-HRP (a) and core-histones 
(b) do not overlap. 
(b) 
(a) 
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CHAPTER3: HCS1 MEDIATES ARABIDOPSIS FLOWERING TIME BY 
AN HXK-DEPENDENT SUGAR SIGNALING PATHWAY 
A paper in preparation of submission to Plant Journal 
Xi Chen, Hilal Ilarslan, Basil J. Nikolau, Eve S. Wurtele 
ABSTRACT 
Holocarboxylase synthetase (HCS) catalyzes the covalent attachment of biotin onto 
biotin carboxylases, and these carboxylases are dependent on biotin for their activity. 
Arabidopsis contains two homologous HCS genes, HCS1 and HCS2. Homozygous T-DNA 
insertion mutants for HCS1, but not for HCS2, are embryonic-lethal, which indicates that HCS1 
plays an essential role in development. Our results reveal that HCS1 expression is up-regulated 
by exogenous sugar possibly through on an HXK-dependent pathway. Moreover, a decrease in 
endogenous sugar leads to the reduction of HCS1 at RNA and protein levels. Therefore we 
speculate that sugar appears to be the main factor to mediate the HCS1 expression. HCS1-
RNAi mutants show a bolting-delay phenotype, which is likely related to a substantial 
reduction of HCS1 expression in mutant shoot apex. Taken together, flowering time appears to 
be affected by an HCS1-involved sugar signaling pathway. 
 
INTRODUCTION 
Plants and most micro-organisms are able to synthesize biotin. By contrast, all animals, 
including humans, are biotin auxotrophs. The major known role of biotin is as a cofactor of 
carboxylation. Addition of biotin to carboxylases is catalyzed by HCS (Samols et al., 1988). 
During this reaction, inactive apo-carboxylases are transformed into active holo-forms 
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(Eisenberg et al., 1982). These biotinylated carboxylases are required for many key metabolic 
processes, including gluconeogenesis, fatty acid synthesis, and leucine catabolism (Anderson et 
al., 1998; Nikolau et al., 2003).  
 
 
 
 
Biotinylation of histones is a novel histone modification identified in humans (Stanley et 
al., 2001). Biotinylation of histones involve the cell cycle, heterochromatin formation, gene 
silencing, mitotic DNA condensation, and DNA repair processes (Stanley et al., 2001; 
Kothapalli et al., 2005; Camporeale et al., 2007). HCS is considered to be the enzyme 
responsible for this histone biotinylation reaction (Narang et al., 2004).  However, this new 
histone modification, biotinylation of histones, is not identified in plants so far. 
In pea leaf cells, HCS activity appears to occur in three subcellular compartments: 
cytosol, mitochondria, and plastids, where the known biotin-dependent carboxylases are 
localized (Tissot et al., 1997) : homomeric acetyl-CoA carboxylase (hmACCase) and seed 
biotin protein (SBP) in cytosol, heteromeric acetyl-CoA carboxylase (htACCase) and geranoyl-
CoA carboxylase (GCCase) in plastids, and methylcrotonyl-CoA carboxylase (MCCase) in 
mitochondria (Konishi et al., 1994; Alban et al., 1994; Anderson et al., 1998; Guan et al., 
1999). Thus, HCS may biotinylate these carboxylases in the cell compartments in which they 
are localized (Alban et al., 2000).  
Arabidopsis contains two homologous HCS genes, HCS1 and HCS2 (Denis et al., 
2002).  HCS2 produces multiple alternatively-spliced mRNAs, most of which code for 
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truncated proteins (Denis et al., 2002). HCS1 has only two spliced mRNA forms (Figure 1): the 
longer one (HCS1.1) has an upstream open reading frame including a stop codon, totaling 24 
nucleotides (uORF24), while the shorter one (HCS1.2) is lacking uORF24 structure (Puyaubert 
et al., 2008). uORF24 disturbs ribosome recognition on the usual initiation of AUG, thus 
affecting which start codon is used (Puyaubert et al., 2008). HCS1.1 (uORF24 is included) 
yields HCS1 short-size protein (HCS1-CY), which is localized in cytosol. However, HCS1.2 
doesn’t include uORF24 and produces HCS1 long-size protein (HCS1-T) with a dual target 
sequence, which is localized in both chloroplast and mitochondria (Puyaubert et al., 2008). 
Because the size of HCS1-CY is the same as mature HCS1-T (Puyaubert et al., 2008), in 
western blot analysis, only one single band was detected by HCS antibodies, which represents 
a mixture of HCS1-CY and mature HCS1-T. Furthermore, total HCS activity was not affected 
in HCS2 homozygous mutants, which further indicates that HCS1 may be the only protein 
responsible for the biotinylation reaction in Arabidopsis (Puyaubert et al., 2008).  
            Despite its important role in metabolism, little is known about how HCS1 is regulated 
to satisfy the needs of different biological processes. Biotin is able to augment the mRNA 
levels of HCS in biotin-deficient rat and human liver cell lines (Rodríguez-Meléndez et al., 
2001; Solórzano-Vargas et al., 2002). In addition, the expression of MCCase was identified to 
respond negatively to sugar levels, as one of the substrates for HCS1 (Che et al., 2002). Based 
on these previous observations from mammalian cells and plants, we proposed that biotin 
and/or sugar may be involved in the regulation of HCS1 expression. The GUS accumulation 
data reported here indicates that the HCS1 promoter responds to the exogenous sugar content 
alteration, but not biotin. Further analyses show that sucrose, glucose and fructose up-regulate 
HCS1 promoter activity possibly by an HXK-dependent pathway. HCS1-RNAi mutants show a 
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bolting-delay phenotype, which is likely caused by a substantial HCS1 RNA reduction in 
mutant shoot apex. Thus Arabidopsis flowering time may be regulated by an HCS1-involved 
sugar signaling pathway.  
 
RESULTS 
Informatics-based analysis of transcript expression levels for HCS1 and HCS2 under 
varying conditions 
MetaOmGraph (MOG) (Wurtele et al., 2007; Mentzen and Wurtele, 2008; Li et al., 
2009) was used to analyze about one thousand chips from many transcriptomic experiments in 
the public venue.   
The mean signal for HCS1 transcripts is about 10-fold greater than that for HCS2 across 
many conditions (Figure 2a).  This result is consistent with a previous study, which indicates 
that by using real-time RT-PCR method, the relative amount of HCS1 mRNA was about 4-fold 
higher than that of HCS2 mRNA in roots, stems, leaves and siliques of Arabidopsis plants, 
grown under long day (LD) conditions (Denis et al., 2002). HCS2 transcript levels are 
relatively constant in vegetative organs, but have high accumulations in seeds (Figure 2a). 
These data expand that of the HCS2 mutant analysis, which shows that the absence of HCS2 
expression does not affect the biotinylation of biotin-dependent carboxylases in plants by 
indicating that HCS2 may play a role in the specific tissues.  To better understand the role of 
HCS in overall metabolism and development, we therefore chose to focus on HCS1 in the 
following studies. 
HCS transcripts accumulate in many plant organs across a wide variety of 
environmental, genetic and developmental conditions. HCS1 transcripts are highest in leaf 
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apex, seeds and roots (Figure 2a). HCS1 transcripts decrease as pollen develops, reaching a low 
point when pollen is mature (microarray data of Honys and Twell, 2004; Schmid et al., 2005) 
(Figure 2b). HCS1 transcript levels are also reduced in seeds of fus3-8 mutants and in shoots of 
pho1mutants (Figure 2a).  Arabidopsis fus3-8 mutants are defective in late-embryonic 
development (Carrera et al., 2008), and the pho1 mutants create phosphate stress (Hammond et 
al., 2003) (Figure 2a). Moreover, HCS1 expression is up-regulated about 2-fold in a null 
AtrbohB mutant, which has reduced tolerance to heat (Larkindale et al., 2005) (Figure 2a).  
The transcripts whose accumulations are most highly correlated with that of HCS1 
across varying conditions are shown in Table 1. HOBBIT (AT2G20000) with the highest 
Pearson correlation value (72.63%) encodes a homolog of the CDC27 naphase-promoting 
complex/cyclosome subunit and is essential in both cell division and cell expansion during 
post-embryonic development (Serralbo et al., 2006) (Figure 2c). Interestingly, HOBBIT and 
HCS1 have a highly co-expression pattern in leaf apex compared to the other tissues (Figure 
2d).  
 
Sucrose induction of HCS1 expression is dosage-dependent, possibly through a 
hexokinase pathway 
 
To address the hypothesis that biotin and/or sugar regulate HCS1 expression, we 
generated Arabidopsis transgenic plants containing the HCS1promoter-GFP/GUS reporter 
construct.  These plants were then used to determine the responses of HCS1 gene to biotin 
and/or sugar alterations. The fusion construct is named HCS1pro, consisting of a ~1200bp 
promoter region of the HCS1 gene, plus the whole 5’ UTR and two reporter genes, GFP and 
GUS (Figure 3).  When exogenous biotin is increased or removed from MS medium, HCS1 
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gene expression is unaltered (Figure 4a).  Furthermore, in the presence of sucrose, addition or 
deprivation of biotin does not change the GUS expression levels either (Figure 4a). However, it 
is very interesting that exogenous sucrose elevates the GUS signal intensity substantially 
(Figure 4a, b). The sorbitol (a non-metabolizable alditol) treatments indicate that this 
augmentation on GUS signal intensity by addition of exogenous sucrose is not caused by 
osmotic effects (Figure 4b).  
In contrast to the sterile conditions used above, when transgenic plants were planted in 
soil the GUS signals are hardly detectable throughout the whole plant life cycle. However, after 
transgenic plants (6-day old) grown in soil were subjected to 1% sucrose for 15 h, the GUS 
expression levels in cotyledons were increased substantially and became visual (Figure 4b). 
Simultaneously, the parallel treatments of sorbitol fail to enhance the GUS signals (Figure 4b). 
Taken together, whether under culture or soil conditions, the up-regulation of HCS1 expression 
is not caused by the osmotic effects but rather by the elevated exogenous sucrose content. 
So far, at least three sugar signaling pathways have been characterized in plants 
(Gibson, 2005; Hanson and Smeekens, 2009). One is sucrose-specific, i.e., independent of 
hexose sensing, but sensitive to sucrose or other disaccharide sensings (Muller et al., 2000). 
The other two are dependent on hexose perception, which are sorted by hexokinase (HXK) 
dependent, or HXK independent (Rolland et al., 2002; Halford and Paul, 2003). To examine 
the mechanism by which sugar up-regulates HCS1 gene expression, we evaluated the effect of 
application of hexose analogs that have defined abilities to act in sugar signaling pathways 
(Jang and Sheen, 1994; Che et al., 2002). Glucose and fructose are transportable and can be 
phosphorylated by HXK. Both of these elevate GUS signal intensities in transgenic plants 
(Figure 4c). Although sucrose is not able to be phosphorylated by HXK, it can be further 
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metabolized into glucose and fructose, substrates for HXK (Figure 4c). By contrast, addition of 
sorbitol, 3-o-methyl-glucose and gluconate fail to increase HCS1 expression (Figure 4c). These 
later three compounds cannot be phosphorylated by HXK and cannot be metabolized into 
glucose or fructose by plants (Jang and Sheen, 1994). These data indicate that HCS1 is up-
regulated by exogenous sucrose likely through an HXK-dependent pathway.   
Although the HCS1 promoter is predominantly responsive to elevated exogenous 
sucrose, we wonder whether HCS1 is mediated by sugar at transcriptional and translational 
levels. RT-PCR results show that the RNA accumulation levels of HCS1 respond to an 
elevated concentration of exogenous sucrose (Figure 5a). This augmentation of HCS1 RNA 
levels corresponds to an increase in HCS1 protein levels as determined by western blot analysis 
(Figure 5b). These results indicate that sucrose induces HCS1 transcription, and this response 
appears to extend to an increase in levels of HCS1 RNA and HCS1 protein. 
 
Sucrose induction of HCS1 expression is time-dependent 
To investigate the kinetics of the induction of HCS1 expression in response to 
exogenous sucrose, HCS1 promoter response and the levels of HCS1 transcript and HCS1 
protein were analyzed after exposure to sucrose or sorbitol. To do this, we grew transgenic 
plants containing the HCS1 promoter-GFP/GUS construct in liquid MS medium with 0.5% 
sucrose under continuous light. After 5 days, seedlings were transferred into liquid MS 
medium without sucrose, and cultured for 3 additional days. Following this sucrose 
deprivation, sucrose or sorbitol was added to a final concentration of 50 mM, and seedlings 
were assayed at various time points. 
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The induction of HCS1 promoter-GFP/GUS fusion gene in response to sucrose is 
apparent within 6 h of treatment (Figure 6a, b). By contrast, addition of 50 mM sorbitol to the 
medium fails to alter GUS expression, which indicates that the response is not due simply to an 
osmotic effect (Figure 6a). 
RT-PCR results reveal that the accumulation of HCS1 RNA by or before 1.5 h, and its 
decline after 12 h (Figure 6c). Furthermore, HCS1 protein accumulation lags a bit behind that 
of HCS1 RNA by western blot analysis (Figure 6d). These results demonstrate a rapid response 
by the HCS1 gene to exogenous sucrose. 
 
Light-mediated affects on HCS1 expression 
Our results show that exogenous sucrose is able to enhance HCS1 expression in a 
dosage- and time- dependent manner. However, the HCS1 response to carbohydrate fluctuation 
in a physiological context was unknown. With an additional dark treatment after the end of 
night, endogenous carbohydrates in plants fall to low levels (Thimm et al., 2004; Price et al., 
2004).  Based on these observations combined with our data, we proposed that the reduction of 
endogenous sucrose by prolonged dark treatment would reduce HCS1 expression.  
To evaluate this possibility, we grew wild type plants for 6 days in liquid MS medium 
containing no added sucrose in a 12 h light/12 h dark diurnal cycle. Following the dark cycle of 
the 6th day, these plants were maintained in a prolonged dark treatment for between 1 to 12 h.  
Accumulation of HCS1 RNA and HCS1 protein substantially declines after 12 h of elongated 
dark (Figure 7a, b).  These data indicate that a decrease in endogenous sugar content leads to 
the reduction of HCS1 expression. 
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Spatial and temporal expression of HCS1 under exogenous sucrose conditions 
The shifts in HCS1 expression were evaluated in the context of plant development. The 
spatial and temporal changes in patterns of HCS1 expression were detected by using transgenic 
plants containing the HCS1 promoter-GFP/GUS reporter construct, grown on solid MS 
medium with 1% sucrose.  
The activity of the HCS1 promoter is clearly evident at 4 days after imbibition (DAI) 
throughout seedling cotyledons and hypocotyls, and in root meristems (Figure 8a). As the 
seedlings grow, HCS1 expression becomes more predominant in the vasculature of leaves, 
hydathodes, shoot and root meristems (Figure 8a-d, g, h, i). This pattern is maintained 
throughout development.  Moreover, the GUS intensities of young emerging leaves are much 
higher than that of old leaves (Figure 8c, d). Surprisingly, GUS intensity is highly concentrated 
in the vascular tissues of cotyledons from the beginning to the end (Figure 8a-c, g). For the 
reproductive organ, HCS1 is mainly expressed in inflorescence meristems and the base of 
flowers (Figure 8e, f). To reveal the cell types in which HCS1 is expressed, GUS-stained 
cotyledons at 4 DAI were embedded in resin and sectioned. HCS1 has particularly strong 
expression in the epidermal and guard cells, and also is expressed in the mesophyll cells 
(Figure 8j). Taken together, HCS1 expression is continuous across developmental stages and 
has tissue-specificity, being highest in the vascular tissues of leaves and meristems tissues 
(shoot, root and inflorescence meristems) under exogenous sucrose conditions. 
 
HCS1 decrease regulates plant flowering time 
To further decipher the role of sugar in the HCS1 regulatory system, the analysis of 
perturbations in HCS1 is necessary. Because homozygous T-DNA insertion mutants of HCS1 
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are embryonic-lethal, we adopted an RNAi strategy (Figure 9a). Subsequent co-segregation 
analysis of progeny showed that no homozygous HCS1-RNAi plants were obtained, which 
presumably indicates that a homozygous HCS1-RNAi genotype is embryonic-lethal.  
Vegetative growth of HCS1-RNAi heterozygous (+/-) plants under long day (LD) 
conditions is indistinguishable with that of control plants (Figure 9b, c, e). However, HCS1-
RNAi mutants display a silique defect phenotype (Figure 9d; Figure S1).  Silique dissection 
indicates multiple embryos are aborted or abnormal. These defects may be caused by the 
substantial reduction of HCS1 RNA and HCS1 protein levels in mutant siliques (Figure 10c, d). 
By contrast, under short day (SD) conditions, HCS1-RNAi (+/-) mutants show delayed 
development during vegetative growth combined with delayed bolting (Figure 9f, g).  
RNA levels of HCS1 are reduced to about 70% of the control levels in leaf tissues of 
three independent HCS1-RNAi (+/-) mutant lines under LD or SD conditions (Figure 10b, f). 
Somewhat surprisingly, this reduction of HCS1 RNA level in leaf tissues of mutants doesn’t 
significantly affect overall HCS1 protein accumulation by western blot analysis, whether plants 
are grown under LD or SD conditions (Figure 10a, e).  
Since exogenous sucrose induces HCS1 expression in meristem tissues (Figure 8i), we 
wanted to especially examine the HCS1 accumulation in shoot apex of HCS1-RNAi mutants 
and control plants. Under LD conditions, the levels of HCS1 RNA in shoot apex are not 
significantly different between mutants and controls (Figure 10g). However, under SD 
conditions, the levels of HCS1 RNA and protein show an approximately 50% reduction in 
shoot apex of mutants compared to controls (Figure 10h, i). These results indicate that under 
SD conditions, a reduction of HCS1 RNA levels in mutant shoot apex may impact flowering, 
or that the alteration in flowering may impact HCS1 RNA accumulations. 
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HCS1 regulates a subset of sugar-induced genes 
Sugars are known to affect flowering time in plants, but the mechanism is poorly 
understood (Eimert et al., 1995). Our results show that HCS1 may be a link between sugar 
regulation and floral transition. To examine how sugar signaling participates in flowering 
control through HCS1, several genes known to be related with sugar sensing and signaling 
pathways (Rolland et al., 2002) were chosen for qPCR.   The RNA samples were harvested 
from  shoot apex tissues of 45-day old HCS1-RNAi mutant and control plants grown under SD 
conditions. Three of these genes show significant changes in expression levels between 
mutants and controls (Figure 11). Two of these are associated with G-protein signaling 
pathways. RGS1 (a regulator of G-protein signaling , AT3G26090) is a transmembrane protein 
for glucose receiver, and rgs1 mutants are insensitive to 6% glucose (Chen et al., 2004). 
AGG1/2 (G-protein γ-subunit, AT3G63420) interacts with Gα and Gβ subunit to mediate G-
protein signaling pathways in plants, and the agg1/2 mutants are hypersensitive to glucose 
(Trusov et al., 2007). Therefore, the relationship between RGS1 and AGG1/2 in the sugar 
signaling pathway appears to be antagonistic. qPCR results show that the gene expression 
levels of RGS1 are reduced in HCS1-RNAi mutants, whereas AGG1/2 increases significantly 
(Figure 11). This expression pattern of RGS1 and AGG1/2 in HCS1-RNAi mutants is similar 
to that in the sugar signaling pathway described by Chen and coworkers (2004), in which they 
act oppositely as well. These results indicate that HCS1 may be coordinated in some way with 
G-protein signaling pathway during the flowering induction in plants. 
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DISCUSSION 
Biotin affects gene expression at multiple levels in eukaryotes including plants (Che et 
al., 2003; Dakshinamurti et al., 2003; Kuroishi et al., 2008). Furthermore, HCS mRNA levels 
are regulated by biotin in human cells (Solórzano-Vargas et al., 2002). However, our results 
indicate that exogenous biotin did not alter HCS1 gene expression in Arabidopsis seedlings, 
with or without the presence of exogenous sucrose. Compared to animals, plants have a totally 
different biotin homeostasis. Plants are biotin auxotrophs, whereas animals have to obtain 
biotin from diet. Furthermore, biotinidase, an enzyme for recycling the biotin from biocytin 
(lysine-biotin complex) is essential for animals, but this enzyme has not been identified in 
plants so far. Thus, how a biotin cycle occurs in plants is still obscure. More importantly, free 
biotin accumulates to a concentration of about 11 µM in plant cytosol (Baldet et al., 1993; 
Nikolau et al., 2003), whereas the physiological biotin concentration in mammalian cell 
cultures is at a pM concentration range (Manthey et al., 2002). Taken together, these different 
requirements for biotin homeostasis between plants and animals may lead to different 
mechanisms for its regulation.  
In this study, we revealed that HCS1 expression is induced by exogenous sucrose at 
both transcriptional and translational levels. The results of histochemical analysis show that 
HCS1 expression is up-regulated in the vascular regions of cotyledons and leaves, through 
which sucrose is transported, and in the shoot, root, and inflorescence meristems under 
exogenous sucrose conditions. These spatial expression patterns suggest a role for HCS1 
associated with the translocation or utilization of metabolites transported from source tissues to 
sink tissues. Moreover, this augmentation is not specific for sucrose. Glucose and fructose also 
drive HCS1 expression in seedling cotyledons. Further treatments with glucose analogs (not 
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phosphorylated by HXK), are not able to change GUS signal intensities, indicating that the 
mechanism of regulation by sugar on the HCS1 gene may be dependent on an HXK signaling 
pathway.  
HCS1 is likely the only functional biotin ligase of Arabidopsis (Puyaubert et al., 2008). 
The substrates catalyzed by this enzyme, including ACCase and MCCase, are involved in 
many key metabolic processes (Nikolau et al., 2003). ACCase catalyzes the first committed 
step in fatty acid synthesis (Konishi et al., 1994).  Homozygous mutants of CAC1-A (the biotin 
subunit gene of ACCase) (Che et al., in press, 2010) are embryonic-lethal, like mutants in 
HCS1. MCCase participates in the leucine catabolism and is also regulated by sugar (Che et al., 
2002). In contrast to the up-regulation of HCS1 in response to sucrose, exogenous sucrose 
suppresses the transcription levels of MCCase gene (Che et al., 2002). A possible explanation 
is that under high sugar conditions, genes for polysaccharide, lipid and protein synthesis are 
often induced (Osuna et al., 2007). Thus, HCS1 is up-regulated to accelerate the rate of fatty 
acid synthesis, whereas saturated energy products slow down protein degradation, which leads 
to a down-regulation of MCCase to retain leucine. Therefore, the regulation on HCS1 is very 
essential for overall coordinated metabolic processes during plant developmental stages.   
Although sugar metabolism has been known since before 1970s (Turner and Turner, 
1975), the concept of sugars as signaling molecules is relatively newer. As the main metabolic 
product of green plants during the day, sugar plays an important role on mediation of feedback 
inhibition on photosynthesis-related gene expression (Jang and Sheen, 1994). For example, in 
Chenopodium rubrum cell-suspension cultures, 1 mM glucose is able to inhibit the expression 
of RBCS (Rubisco subunit) (Pego et al., 2000). 
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In order to further decipher the relationship between HCS1 and sugar signaling 
pathway, we adopted an RNAi strategy and obtained HCS1 knock-down RNAi mutants. 
Interestingly, the HCS1-RNAi mutants show a flowering delay phenotype under SD 
conditions, which is possibly caused by the dramatic reduction of HCS1 RNA levels in shoot 
apex of mutants. Since HCS1 is regulated by sugar from our results, the flowering time 
processes appear to be related with an HCS1-involved sugar signaling pathway. 
The role of sugar in floral transition is thought to be very complex. An increase in 
carbohydrates exported from leaves is associated with floral induction in Arabidopsis 
(Corbesier et al., 1998). Consistent with this, in tobacco (Nicotiana tabacum) decreasing 
phloem loading of sucrose by antisense repression of NtSUT1 (sucrose transporter gene) causes 
delayed flowering (Burkle et al., 1998). In our case, starch synthesis rate in leaves is stimulated 
by unknown mechanisms under SD conditions, which leads to the reduction of loading sucrose 
into the phloem and further decreases the uptake of sucrose into cells of sink tissues, such as 
shoot meristems (Gibon et al., 2004). Thus, sugar is supposed to maintain a low level in shoot 
meristems under SD conditions. Our results indicate that an endogenous sugar content decrease 
leads to the reduction of HCS1 expression in very young seedlings. Therefore, we speculate 
that HCS1 possibly remains a lower level in shoot meristems under SD conditions compared to 
LD conditions. This HCS1 expression decrease combined with other unknown factors, such as 
the alteration of light period under SD conditions, results in the huge reduction of HCS1 
transcripts in mutant shoot apex compared to control plants, which does not happen under LD 
conditions. Moreover, the substantial reduction of HCS1 RNA levels may be associated with 
the bolting-delay phenotype of HCS1-RNAi mutants under SD conditions. Thus, we suggest 
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that Arabidopsis flowering time may be affected by an HCS1-involved sugar signaling 
pathway (Figure 12).  
Shoot meristems are key plant tissues for flowering time. Many genes involved in floral 
transition are expressed in shoot meristems, presumably because they need to sense long-
distance signals from leaves, such as sucrose, nitrate, glutamine and cytokinins (Bernier and 
Périlleux, 2005). Global transcriptomic data show that the HCS1 transcripts are highest in shoot 
apex; further histochemical analyses confirm this expression pattern. Thus, one possibility is 
that HCS1 is coordinated with floral-related gene located at the shoot meristem, and that this 
interaction plays a role in the regulation of flowering time. 
A variety of histone modifications are involved in plant growth and development, 
including flowering time control (He and Amersino, 2004). For example, H3-K4 hyper-
trimethylation of FLC chromatin is associated with the delay of flowering in winter-annual 
Arabidopsis (Ng et al., 2003). HCS1 appears to biotinylate human histone proteins to form a 
new histone modification, biotinylation of histones (Narang et al., 2004), but this novel histone 
modification has not been characterized in plants so far. Since most individual histone 
modifications initially discovered in mammalian cells also occur in plants, we cannot exclude 
the possibility that some histones are biotinylated by HCS1 in plants, and these histone 
modifications may possibly participate in plant development, even for controlling flowering 
time. These questions and hypotheses clearly deserve future study. 
 
MATERIALS AND METHODS  
Plant material and growth conditions 
Seeds of transgenic plants were surface sterilized and dispensed into solid or liquid MS 
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medium. Solid MS medium in petri dishes contain 4.3 g/L MS (Murashige and Skoog salts), 
1X B5 vitamins (100 µg/ml myoinositol, 1 µg/ml pyridoxine hydrochloride, 1 µg/ml nicotinic 
acid, and 10 µg/ml thiamine hydrochloride), and 0.6% (w/v) agar gel, buffered with 2.56 mM 
MES at pH 5.7 under different sugar treatments (Li et al., 2009). Liquid MS medium in 125 ml 
flasks (about 30 seeds in 40 ml liquid medium) contain 2.15 g/L MS and 1X B5 vitamins (100 
µg/ml myoinositol, 1 µg/ml pyridoxine hydrochloride, 1 µg/ml nicotinic acid,  and 10 µg/ml 
thiamine hydrochloride), buffered with 2.56 mM MES at pH 5.8 under different sugar 
treatments (Lin et al., 2004). The flasks were put onto the shaker (80 rpm) for liquid culture. 
All samples were grown at 22°C and 80 µmol/m2s illumination (Lin et al., 2004). 
For study of temporal and spatial patterns of HCS expression, transgenic plants were 
grown in petri dishes for 10 days and then transferred to the Magenta boxes (Sigma-Aldrich, 
V8505) until staining.   
For soil growth, seeds were grown in growth chambers in flats. Plants were grown 
under 8 h dark/16 h light cycles for LD conditions or 16 h dark/ 8 h light cycles for SD 
conditions at 22°C and 60 µmol/m2s illumination. Because so far no homozygous HCS1-RNAi 
mutants were identified, we only applied heterozygous mutants in related studies. The RNAi 
construct contains a gene that confers resistance to the herbicide bialaphos (BAR). Therefore, 
BAR screening (Li et al., 2007) was applied to select heterozygous HCS1-RNAi transgenic 
plants. Control plants for these experiments were transgenic plants containing the HCS1 
promoter-GFP/GUS reporter construct. After 10 days, all plants were screened for BAR 
resistance. 
 
Construction of vectors 
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The upstream intergenic region for HCS1 is 3167 bp. A single construct was made for 
HCS1 promoter-GFP/GUS fusion: long-UTR (upstream 1162 bp from -61 + 5’ UTR + 
GFP/GUS). Primers used were HCSproFW (5’-TACCTGCATAACATTCAACAGT-3’) and 
HCSlongRE (5’-TAAACTATAAAGTAGCCAAATCAAT-3’). 
HCS1-RNAi construct contains a 704-bp-fragment downstream from HCS1 RNA start 
codon AUG1. Primers used were HCS1-RNAiF (5'-ATGGAAGCAGTTCGTTCAA-3') and 
HCS1-RNAiR (5'-CACCCTTTCTTGTCACAAACATCTT-3'). 
HCS1 promoter-GFP/GUS fusion and HCS1-RNAi construct were made by cloning 
amplified promoter regions or RNA coding regions into a binary vector. Gene fragments were 
amplified by PCR from total DNA or cDNA using the attB-adapted primers (5’-
GGGGACAAGTTTGTACAAAAAAGCAGGCTT-forward primer and 5’-
GGGGACCACTTTGTACAAGAAAGCTGGGTC-reverse primer).  
After PCR-product purification, the amplified fragments were cloned first into an entry 
vector pDONR221, then into a binary vector pBGWFS7 (Karimi et al., 2002) harboring with 
GFP-GUS gene or pB7GWIWG2(II) (Karimi et al., 2002) for hairpin RNA expression 
(GatewayTM Cloning Technology, Invitrogen). Agrobacterium tumefaciens strain GV3101 was 
transformed with the described vectors. 
 
Fluorometric Analysis of GUS Activity 
GUS activity was determined in extracts with a fluorometric assay essentially as 
described by Jefferson (1987). Plant samples were collected and protein extracts were prepared 
in extraction buffer (0.1 M HEPES-KOH, pH 7.0, 20 mM 2-mercaptoethanol, 0.1 mg/ml 
phenylmethylsulfonyl fluoride, 0.1% [v/v] Triton X-100, 1 mM EDTA, and 20% [v/v] 
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glycerol). One hundred microliters of protein extract was mixed with 500 μl of GUS assay 
buffer (2 mM 4-methylumbelliferyl β-glucuronide in extraction buffer) and incubated at 37°C 
for 2 h. The reaction was terminated by adding 0.9 ml of 0.2 M Na2CO3. The fluorescent 
product was quantified using a fluorometer (synergy HT, Bio-TEK, USA). Excitation and 
emission wavelengths were 365 and 455 nm, respectively. Tissues from regenerated non-
transformed plants were used to quantify background GUS activity. All the experiments were 
repeated three times. 
 
Cytological techniques and microscopy 
Staining patterns were observed and documented using an Olympus stereomicroscope 
in the Bessey Microscopy Facility (Iowa State University, Ames, IA, USA). For light 
microscopy, GUS-stained plant materials were dehydrated in a graded ethanol series from 30% 
to 95% and then in 100% ethanol for 2 h at room temperature. A graded resin infiltration used 
ethanol/LR White (LR White, London Resin Company, London, UK) mixtures of 2:1, 1:1, and 
1:2 for 2 h each at room temperature. A final infusion with 100% LR White was performed 
overnight at 4 °C. Polymerization was done overnight in gelatine capsules at 60 °C. After 
hardening, the blocks were cut into semi-thin sections (2 µm) using glass knives fitted to a 
Reichert microtome Ultracut. Sections were stained with 2.0% (w/v) Safranin O for 20 s. After 
staining, the sections were dehydrated through an ethanol series to 100% ethanol, placed in 
xylene, and covered with mounting medium (Permount, Fisher) and a cover slip. Slide-
mounted sections were viewed using a Zeiss Axioplan compound microscope with a Zeiss 
AxioCamHRc digital camera (Carl Zeiss, Inc., Thornwood, NY, USA). 
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Protein gel blot analysis 
Polyclonal antibodies were raised in mice against recombinant GST-HCS1 protein 
encoded by full length cDNAs of HCS1.1 in the Hybridoma Facility (Iowa State University, 
Ames, IA, USA). Protein was extracted from whole seedlings, leave tissues and shoot apex of 
Arabidopsis by grinding plant material in liquid nitrogen and re-suspending in buffer (50 mM 
Tris-HCl, pH 8.0, 1 mM EDTA, 10 mM DTT, and 1.5% [w/v] PVPP) with PMSF and PABA 
protease inhibitors (Fatland et al., 2005). The extracts were spun for 15 min at 4°C, and 
proteins were fractionated on 12% SDS-PAGE (Fatland et al., 2005). Protein concentrations 
were determined using the Protein Assay kit (Bio-Rad). Gel electrophoresis and blotting were 
performed in a Mini-PROTEAN Tetra Cell and Blotting module (Bio-Rad). Proteins were 
transferred to nitrocellulose membranes (Osmonics, NitroPure). Mouse polyclonal antibodies 
against HCS1 were diluted 1:300. Rabbit monoclonal antibodies against actin were diluted 
1:1000 (Epitomics, Inc). Donkey anti-mouse anitserum (Santa Cruz) was diluted 1:5,000 and 
donkey anti-rabbit (Santa Cruz) was diluted 1:5,000, as secondary anitserum. HCS1 and actin 
bands were detected with Western Lightning™ Chemiluminescence Reagent (PerkinElmer). 
 
RT-PCR analysis 
Total RNA was extracted from samples with TRIzol reagent (invitrogen) according to 
the protocol provided with the reagent. RNA concentrations were measured using a Nanodrop. 
The primers for HCS1 RNA used in RT-PCR were HCSPCRFW (5’-
TATTTTAGTCCTGCGTTCTCTCAAGC-3’) and HCSPCRRE (5’-
GACACAAACTGAACCAACTGGAAGC-3’). Superscript II reverse transcriptase 
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(Invitrogen) was used for cDNA synthesis. The amplified DNA fragments were resolved on 
2% agarose gels with ethidium bromide. 
Quantitative PCR analysis 
For qPCR, SYBR GREEN PCR Master Mix (Invitrogen) and Mx4000 multiplex 
quantitative PCR system (Stratagene) were used, following the manufacturers’ instructions. 
Three biological replicates with 2-3 technical replicates for each biological replicate were 
performed. Primers are listed in Table S2. 
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Fig 1. Schematic representation of two HCS1 mRNA variants, HCS1.1 and HCS1.2. 
HCS1 has two spliced mRNA forms: the longer one (HCS1.1) has an upstream open reading 
frame including a stop codon, totaling 24 nucleotides (uORF24), while the shorter one 
(HCS1.2) does not have uORF24 structure. A very short peptide produced by uORF24 disturbs 
ribosome recognition on the usual initiation of ATG1, thus the translation starts on ATG2 for 
HCS1.1. By contrast, HCS1.2 is lacking uORF24 structure and the translation just initiates on 
the usual start codon, ATG1. HCS1.1 yields HCS1 short-size protein (HCS1-CY), which is 
localized in cytosol, and HCS1.2 produces HCS1 long-size protein (HCS1-T) with a dual target 
sequence, which is localized in both chloroplast and mitochondria (Puyaubert et al., 2008). 
      and       , 5’ UTR;       , uORF24;       , exon;       , intron;  ~~~, protein;          , stop codon  
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Fig 2. Accumulation and co-expression of HCS transcripts. 
Each point on the x axis represents a sample from publicly available RNA transcriptomic 
profiling data (Mentzen et al., 2008; Li et al., 2009). The y axis represents the expression level 
for selected gene. The mean of transcript accumulation levels for each chip is normalized to a 
value of 100. Data are visualized using MetaOmGraph (MOG) software 
(http://www.metnetdb.org). Pearson correlation coefficient is used to measure the co-
expression levels of two genes by MOG. 
(a) HCS1 (AT2G25710, blue line) and HCS2 (AT1G37150, red line) have a complex pattern of 
RNA accumulation across a wide variety of experimental conditions. Samples are sorted 
according to tissue-type, based on Plant Ontology (URL) assignments. Arrows indicate chips 
where the HCS1 transcripts are significantly different between control and treated samples. 
(b) HCS1 RNA accumulation decreases during pollen maturation (microarray data from Honys 
and Twell). UM, uni-nucleate microspores; BP, bicellular pollen; TP, tricellular pollen; MP, 
mature pollen.  
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Fig 2. Accumulation and co-expression of HCS transcripts. 
(c) HOBBIT (AT2G20000, orange line) and HCS1 (AT2G25710, blue line) are co-expressed 
with highest Pearson correlation across about one thousand Affymetrix ATH1 chips. 
(d) HOBBIT (AT2G20000, orange line) and HCS1 (AT2G25710, blue line) are especially 
highly co-expressed in leaf apex tissues. The information for the corresponding chips is listed 
in Table 2. 
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Fig 3. Schematic representation of HCS1 promoter-GFP/GUS reporter construct.  
Schematic representation of HCS1 reporter gene construct: HCS1pro. The line represents the 
presumed promoter region of HCS1. GFP and GUS coding sequences are not to scale. 
      , 5’-UTR;      , uORF24;         ,  promoter. 
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Fig 4. Exogenous sucrose up-regulates HCS1 gene expression.  
GUS expression in transgenic seedlings containing the HCS1 promoter-GFP/GUS reporter 
construct. Five independent transgenic lines were histochemically stained (photographs); three 
independent transgenic lines were assayed spectrophotometrically (bar charts). For each line, 
fifteen plants (histochemical analyses) or forty plants (spectrophotometric assay) were 
evaluated.  Representative samples of GUS staining results are shown. Bar charts represent the 
means ± SE of three biological replicates. Each letter indicates significant difference by t-test 
(p < 0.05). Su=Sucrose; Sor=Sorbitol; Fru=Fructose; Glc=Glucose; 3-o-MG=3-o-methly-
glucose; N/A= no added sugar.  black scale bar=1 mm. 
 (a) Addition of sucrose increases GUS expression in presence or absence of exogenous biotin. 
By contrast, addition of biotin did not affect GUS expression levels, regardless of exogenous 
sucrose. Transgenic seedlings were grown on solid MS medium for 4 days under constant 
light. 
 
A A A 
B B B 
(t-test, p<0.05, n=3) 
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Fig 4. Exogenous sucrose up-regulates HCS1 gene expression. 
(b) Addition of sucrose, but not sorbitol, augments GUS expression levels.  Transgenic 
seedlings were grown on solid MS medium for 4 days (left and middle panel), or in soil for 6 
days (right panel). For seedlings grown in soil, 1% sucrose or 1% sorbitol was applied 15 h 
before analysis.  
 
 
 
A 
B 
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A A A A A 
B 
A 
(t-test, p<0.05, n=3) 
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Fig 4. Exogenous sucrose up-regulates HCS1 gene expression. 
(c) Sucrose, hexose and hexose analog treatments of transgenic seedlings grown on solid MS 
medium for 4 days. The expression of HCS1 is up-regulated by sucrose and the phosphorylated 
hexoses. However, sorbitol, 3-o-methyl-glucose and gluconate fail to increase GUS activities.  
These data are consistent with HCS1 expression being up-regulated through an HXK-
dependent signaling pathway.  
 
 
A A 
B 
C 
C 
A A 
(t-test, p<0.05, n=3) 
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Fig 5. HCS1 RNA and HCS1 protein levels increase in a dosage-dependent manner in 
response to exogenous sucrose. 
Wild type seedlings were grown for 4 days on solid MS medium with different concentrations 
of sucrose. Three biological replicates, each containing about fifty seedlings, were analyzed for 
each treatment.  Each letter indicates significant difference by t-test (p < 0.05).  
(a) HCS1 RNA abundance. Equal amounts of RNAs isolated from each biological sample were 
applied in a two-step RT-PCR analysis using oligo-dT as the primer for cDNA synthesis (Li et 
al., 2009).  
(b) Western blot analysis of HCS1 protein accumulation. Equal amounts of proteins from each 
sample were fractionated by 12% SDS-PAGE, followed by the detections with HCS1 
antibodies. 
(c) RT-PCR and western blot results were quantified by Quantity one software (Bio-Rad). The 
chart represents a fold-change comparison (mean ± S.D., n=3).  
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Fig 6. Exogenous sucrose induces HCS1-promoter driven GUS activity and HCS1 RNA 
and HCS1 protein levels in a time-dependent manner. 
Transgenic seedlings containing the HCS1 promoter-GFP/GUS reporter construct were initially 
grown in liquid MS medium (0.5% sucrose) under constant light for 5 days and then 
transferred to liquid MS medium (0% sucrose) for 3 days. Following sucrose starvation, 
seedlings were treated with 50 mM sucrose (upper) or 50 mM sorbitol (lower) for varying time 
periods. Five independent transgenic lines were histochemically stained (photographs); three 
independent transgenic lines were assayed spectrophotometrically (bar charts). For each line, 
fifteen plants (histochemical analyses) or forty plants (spectrophotometric assay) were 
evaluated.  Bar charts represent the means ± SE of three biological replicates. Each letter 
indicates significant difference by t-test (p < 0.05).  
(a) GUS staining of representative samples: 50 mM sucrose (upper); 50 mM sorbitol (lower). 
black scale bar=1 mm  
(b) Spectrophotometric assay of GUS activity. 
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Fig 6. Exogenous sucrose induces HCS1-promoter driven GUS activity and HCS1 RNA 
and HCS1 protein levels in a time-dependent manner. 
 (c) HCS1 RNA abundance. Wild type seedlings were grown followed the same treatments as 
transgenic seedlings in (a, b). Equal amounts of RNAs isolated from each biological sample 
were applied in a two-step RT-PCR analysis using oligo-dT as the primer for cDNA synthesis 
(Li et al., 2009).  
(d) Western blot analysis of HCS1 protein accumulation. Wild type seedlings were grown 
followed the same treatments as transgenic seedlings in (a, b). Equal amounts of proteins from 
each sample were fractionated by 12% SDS-PAGE, followed by the detections with HCS1 
antibodies. 
(e) RT-PCR and western blot results were quantified by Quantity one software (Bio-Rad). The 
chart represents a fold-change comparison (mean ± S.D., n=3).  
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Fig 7. Effect of light deprivation on HCS1 expression. 
Wild type seedlings were initially grown in liquid MS medium (0% sucrose) under diurnal 
cycles (12 hr dark/12 hr light) for 6 days. Following the 6th dark cycle, the elongated dark 
treatment was applied to replace with the 7th light cycle between 1 to 12 hr. 
(a) HCS1 RNA abundance. Equal amounts of RNAs isolated from each biological sample were 
applied in a two-step RT-PCR analysis using oligo-dT as the primer for cDNA synthesis (Li et 
al., 2009).  
(b) Western blot analysis of HCS1 protein accumulation. Equal amounts of proteins from each 
sample were fractionated by 12% SDS-PAGE, followed by the detections with HCS1 
antibodies. 
(c) RT-PCR and western blot results were quantified by Quantity one software (Bio-Rad). The 
chart represents a fold-change comparison (mean ± S.D., n=3).  
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Fig 8. Spatial and temporal expression patterns of HCS1. 
Transgenic plants containing the HCS1 promoter-GFP/GUS reporter construct were grown on 
solid MS medium with 1% sucrose under constant light. Five independent transgenic lines 
were histochemically stained. For each line, fifteen plants were evaluated at each 
developmental stage. 
(a-d) HCS1 is highly expressed in 4-DAI seedlings (a). With the growth development, HCS1 
expression declines, however, it still maintains highly in 6-DAI seedlings (b), vascular tissues 
of new emerging (c) or mature leaves (d) at 18 DAI. 
(e) HCS1 has high expression levels on the base of young flowers.  
(f, h, i) Expression of HCS1 is highest in shoot meristems (i), root meristems (h), and 
inflorescence meristems (f). 
(g) High expression levels of HCS1 in the vascular of the 25-DAI cotyledon.  
(j) Leaf cross-sections shows HCS1 has particularly strong expression in the epidermal and 
guard cells, and also is expressed in the mesophyll cells. 
black scale bar=0.1 mm; red scale bar=1 mm; purple scale bar=0.01 mm. 
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Fig 9. Identification and phenotype of HCS1-RNAi mutants. 
(a) Schematic diagram of the HCS1-RNAi construct for double-stranded RNA interference. 
The 704 bp gene-specific fragment of HCS1 RNA is linked with the intron in both antisense 
and sense orientations, such that the transcripts are expected to create a dsRNA stem with a 
single-stranded loop.  
(b-e) Phenotype of HCS1-RNAi mutants grown under LD conditions. Control plants (left) and 
HCS1-RNAi mutants (right) grown under LD conditions for 15 days (b), 25 days (c) and 48 
days (e) after germination. By eye, there is no detectable difference in phenotypes between 
control and mutant plants. However, light microscopy analyses show that under LD conditions 
siliques of HCS1-RNAi mutants (upper) contain aborted ovules (five-pointed stars) and 
abnormal embryos (triangles), as compared to control plants (lower) (d).  
(f-g) Phenotype of HCS1-RNAi mutants grown under SD conditions. Control plants (left) and 
HCS1- RNAi mutants (right) grown under SD conditions for 45 days (f) and 78 days (g) after 
germination. Vegetative growth is reduced in mutants, and flowering is delayed in mutants. 
red bar=1cm; white bar=0.01mm. 
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Fig 10. HCS1 expression is reduced in siliques of plants growing under LD conditions and 
in shoot meristems of plants growing under SD conditions. 
(a, b) The proteins and RNAs were extracted from leave tissues of control plants and three 
independent HCS1-RNAi mutants (R1, R8 and R9) grown under LD conditions for 15 days 
after germination. 
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Fig 10. HCS1 expression is reduced in siliques of plants growing under LD conditions and 
in shoot meristems of plants growing under SD conditions. 
 (c, d) The proteins and RNAs were extracted from siliques of control plants and three 
independent HCS1-RNAi mutants (R1, R8 and R9) grown under LD conditions at 12th day 
after pollination (DAP). 
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Fig 10. HCS1 expression is reduced in siliques of plants growing under LD conditions and 
in shoot meristems of plants growing under SD conditions. 
 (e, f) The proteins and RNAs were extracted from leave tissues of control plants and three 
independent HCS1-RNAi mutants (R1, R8 and R9) grown under SD conditions for 45 days 
after germination. 
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Fig 10. HCS1 expression is reduced in siliques of plants growing under LD conditions and 
in shoot meristems of plants growing under SD conditions. 
(g, h, i) The RNAs and proteins were extracted from shoot meristems of control plants and 
HCS1-RNAi mutants grown under LD conditions for 15 days and under SD conditions for 45 
days after germination. 
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Fig 11. Sugar-related gene expression is altered in the HCS1-RNAi mutants. 
qPCR was performed using shoot apex of control plants and HCS1-RNAi mutants under SD 
conditions for 45 days after germination, on HCS1 (AT2G25710), ABA2 (AT1G52340), EIN2 
(AT1G07705), RGS1 (AT3G26090), AGG1/2 (AT3G63420), and HXK1 (AT4G29130). Actin2 
(AT3G18780) was used as the reference gene. The gene expression levels with significant 
changes in HCS1-RNAi mutant are labeled by *. 
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Fig 12. Proposed working model of HCS1 with respect to the flowering control processes. 
The starch synthesis rate in leaf tissues increases under SD conditions, which leads to reduce 
the carbohydrate export from source tissue to sink tissue, such as shoot apex (Gibon et al., 
2004). Thus the sucrose uptake of shoot apex declines under SD conditions, which partially 
results in plant flowering delay compared to LD conditions (Corbesier et al., 1998). Our results 
indicate that sucrose reduction down-regulates the HCS1 expression. Furthermore, HCS1-
RNAi mutants show a flowering delay phenotype under SD conditions compared to control 
plants. Altogether, these results suggest that HCS1 may be involved in controlling flower time 
processes by unknown mechanism under SD conditions, which contributes to the knowledge of 
how floral transition is regulated in plants. 
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Corr Locus ID Annotation Regulon
100% AT2G25710 holocarboxylase synthase1 4 - mitosis
72.63% AT2G20000 
homolog of the CDC27 subunit of the 
anaphase-promoting complex 
(APC)
4 - mitosis 
72.40% AT1G22970 unknown protein 7 - developmental regulation (leaf apex- preferential)
71.59% AT1G04590 EMB2748 (EMBRYO DEFECTIVE 2748) 4 - mitosis
71.55% AT5G44710 unknown protein 7 - developmental regulation (leaf apex- preferential)
71.36% AT3G14120 similar to Nuclear pore complex, rNup107 component (sc Nup84) 4 - mitosis 
70.85% AT1G17350 unknown protein 7 - developmental regulation (leaf apex- preferential)
70.50% AT1G09150 similar to eukaryotic translation initiation factor SUI1 family protein 4 - mitosis 
70.44% AT4G33990 EMB2758 (EMBRYO DEFECTIVE 2758) 4 - mitosis
70.26% AT1G21690 EMB1968 (EMBRYO DEFECTIVE 1968) 4 - mitosis
70.26% AT1G26740 
structural constituent of ribosome; similar 
to structural constituent of 
ribosome
4 - mitosis 
69.99% AT1G21740 unknown protein 4 - mitosis
69.78% AT1G11880 unknown protein 4 - mitosis
69.71% AT1G01510 Encodes a homolog of human CtBP 4 - mitosis
69.71% AT5G44200 
Encodes a nuclear cap-binding protein that 
forms a heterodimeric complex with 
ABH1 (ATCBP80)
4 - mitosis 
69.69% AT3G13226 regulatory protein, RecX family protein 3 - protein synthesis
69.59% AT3G20000 Encodes a component of the TOM receptor complex 3 - protein synthesis 
69.48% AT1G08780 Identical to Probable prefoldin subunit 4 (ABI3-interacting protein 3) (API3) 3 - protein synthesis 
69.38% AT5G62710 leucine-rich repeat transmembrane protein kinase 4 - mitosis 
69.22% AT3G59650 mitochondrial ribosomal protein L51/S25/CI-B8 family protein 3 - protein synthesis 
68.90% AT5G56940 
ribosomal protein S16 family protein; 
similar to SSR16 (ribosomal protein 
S16)
3 - protein synthesis 
68.82% AT5G05000 Outer membrane protein 7 - developmental regulation (leaf apex- preferential)
68.71% AT5G02530 RNA and export factor-binding protein 4 - mitosis
68.67% AT2G23700 unknown protein 4 - mitosis
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Table 1. Transcripts with a correlation pattern to HCS1 transcripts. 
Genes that are 68% and above correlated with HCS1 in MetaOmGraph (Pearson correlation 
coefficient ≥68%) using normalized, averaged Arabidopsis data obtained from NASCArrays 
and PlexDB (Affy.ath1.data1 dataset) (Mentzen and Wurtele, 2008).        
       proteins related to differentiation;      proteins related to transportation;     proteins related 
to ribosomal proteins;      proteins related to embryo development. Annotation is from TAIR 
and regulon information from MetaOmGraph (Mentzen and Wurtele, 2008). 
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Control HCS1- RNAi 
 
 
 
 
 
 
 
 
 
 
Fig. S1  
The chart summarizing the data from 15 siliques of control plants and three HCS-RNAi 
independent lines (R1, R8, and R9) at 12 day after pollination (DAP). The ratio of normal 
seeds (blue); the ratio of aborted ovules (red) and the ratio of abnormal embryos (green). 
 
 
 
 
 
 
101 
 
Table S2 primer list for qPCR 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
HCS1 qHCS1F TATTTTAGTCCTGCGTTCTCTCAAGC qHCS1R GACACAAACTGAACCAACTGGAAGC
ABA2 qABA2F TTGTTCGTCTGTTCCACAAGCACG qABA2R TGGACTCACCACGAAGCAGACTTT 
EIN2 qEIN2F TCTTCTCATCTTCGCATCCGCCTT qEIN2R AGCGATACTGGGCTGAGTTCTGTT 
RGS1 qRGS1F AGGAGTTTCGACCTGTTGACCCAA qRGS1R TCCAGCGTAGCAGCTATCAGCAAA 
AGG1/2 qAGG1/2F AACTGTGGTTTACGAGCAGGAGGA qAGG1/2R AGCTCCTCACACACGGTTGATACA 
ABF2 qABF2F GTTGCCGCTGGTGTAATGGGAAAT qABF2R GCTTAGGCATGATTGGCTGTTGCT 
HXK1 qHXK1F TTGTGCGACTCCGATCTCGAAACT qHXK1R CACACGCATGACACGGAAGTTTGT 
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CHAPTER 4:  GENERAL CONCLUSIONS 
GENERAL DISCUSSION 
The novel function of HCS1 and its regulatory pathway in Arabidopsis is the focus of this 
dissertation. Due to the high similarity of HCS catalytic domain between Arabidopsis and 
humans, it provides the possibility that HCS1 is able to play novel roles for modulating histone 
proteins in Arabidopsis, like human HCS does. Biotinylation of histones enriched on a wide 
variety of cellular processes according to mammalian cell studies, such as heterochromatin 
formation, gene silencing, mitotic DNA condensation, and DNA repair (Stanley et al., 2001; 
Kothapalli et al., 2005; Camporeale et al., 2007). However, the biotinylation of histones have 
not been characterized in plants so far. Our in-vitro experiments indicate that HCS1 interacts 
with Arabidopsis histone H3 protein specifically, but unfortunately, no further in-vivo evidence 
of this interaction has been obtained. In addition, I was not able to detect a nucleus distribution 
for HCS1-CY protein (data not shown). The possible reason for this may be its low amount of 
in nucleus. 
Since the homozygous T-DNA insertion mutants of HCS1 are embryonic-lethal, the 
analyses through transgenic RNAi technology show that the HCS1-RNAi mutants display a 
flowering delay phenotype under short day (SD) conditions compared to controls. 
Corresponding to this phenotype, the RNA levels of HCS1 decrease dramatically in mutant 
shoot apex. Many genes involved in controlling flowering time have spatial-limited expression 
patterns on shoot meristems. Therefore, HCS1 may affect flowering time by coordinating with 
floral-related gene networks specifically located in shoot apex. In plants, the processes of 
reproduction and seed development depend on flowering at the right time (Putterill et al., 
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2004). In addition to photo period, vernalisation and autonomous pathways, sugar signals are 
also known to affect flowering time in plants, but the mechanism is poorly understood (Eimert 
et al., 1995). Our results suggest that HCS1 is regulated by sucrose, glucose or fructose through 
an HXK-dependent pathway. Therefore, HCS1 may be a link between flowering time control 
and sugar signaling pathway. Our finding explores a new perspective on sugar signaling 
pathway, which may contribute the knowledge of how flower transition is regulated in plants.  
 
RECOMMENDATIONS FOR FUTURE RESEARCH 
Deep-sequencing technologies have an impact on global genomic research. The RNA-Seq 
approach produces millions of short cDNA reads that are aligned with a reference genome to 
obtain a genome-scale transcriptional map, which shows the transcriptional profile and 
expression levels for each gene (Mortazavi et al., 2008).  
To identify the genes that respond to changes in biotin content and genes that are affected 
by changes in biotin-dependent pathways, the RNA-Seq analysis will be used for two 
genotypes, wild type (WT) and bio1 mutants. The BIO1 gene is thought to encode for 7,8-
diaminopelargonic acid aminotransferase, the second enzyme required for biotin synthesis in 
Arabidopsis (Shellhammer and Meinke, 1990). The homozygous bio1 seeds germinate and are 
able to grow for about 10 days on maternally supplied biotin, but arrested on the cotyledon 
stage (Shellhammer and Meinke, 1990). Our experimental design is that the seeds of WT and 
bio1 mutants are first cultured in MS medium without any biotin for 7 days, and then the 
seedlings are treated with 1µM biotin for 1 h. RNA extracted from treated and control samples 
will be applied into RNA-seq analysis. 
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To identify the genes that are related to an HCS1-involved sugar signaling pathways, the 
RNA-Seq analysis will be used for three genotypes, WT, bio1 mutants and HCS1-RNAi 
mutants. To compare the gene profiles among these three genotypes, the genes that are affected 
by HCS1 regulatory pathways (sugar effect), but not by metabolic pathways (biotin effect), 
may be identified. Our experimental design is that the seeds of WT, bio1 and HCS1-RNAi 
mutants are fist cultured in MS medium with 0.5% sucrose, but without any biotin for 4 days, 
and after the sucrose starvation for 3 days, the seedlings are treated with 50mM glucose for 1 h. 
RNA extracted from treated and control samples will be applied into RNA-seq analysis. 
 
REFERENCES 
Camporeale, G., Oommen, A.M., Griffin, J.B., Sarath, G. and Zempleni, J. (2007) K12-
biotinylated histone H4 marks heterochromatin in human lymphoblastoma cells. J. Nutr. 
Biochem. 18, 760-8.  
 
Eimert, K., Wang, S.M., Lue, W.L. and Chen, J. (1995) Monogenic recessive mutations 
causing both late floral initiation and excess starch accumulation in Arabidopsis. Plant Cell. 7, 
1703–12. 
Kothapalli, N., Camporeale, G., Kueh, A., Chew, Y.C., Oommen, A.M., Griffin, J.B. and 
Zempleni, J. (2005) Biological functions of biotinylated histones. J. Nutr. Biochem. 16, 446-8. 
 
Mortazavi, A.,Williams, BA., McCue, K., Schaeffer, L. and Wold, B. (2008) Mapping and 
quantifying mammalian transcriptomes by RNA-Seq. Nat Methods. 5, 621–628. 
 
Putterill, J., Laurie, R. and  Macknight, R. (2004) It's time to flower: the genetic control of 
flowering time. Bioassays. 26, 363-73. 
 
105 
 
Shellhammer, J. and Meinke, D. (1990) Arrested Embryos from the bio1 Auxotroph of 
Arabidopsis thaliana Contain Reduced Levels of Biotin. Plant Physiol. 93,1162-7. 
 
Stanley, J.S., Griffin, J.B. and Zempleni, J. (2001) Biotinylation of histones in human cells: 
Effects of cell proliferation. Eur. J. Biochem. 268, 5424-9. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
106 
 
APPENDIX. BUILDING A NEW SET OF ARABIDOPSIS METADATA 
 
In 2000, the Arabidopsis genome was fully sequenced.  According to the annotation of 
the Arabidopsis genome sequence, there are about 27,000 protein-coding genes in this model 
plant (Wortman et al., 2003).  To better understand the gene expression, large-scale methods 
were applied that can examine the expression of thousands of genes at once (Wang et al., 
2009).  For example, DNA microarray is a multiplex technology that is used in many fields of 
molecular biology. As a result, large amounts of microarray data have been generated, and a 
significant portion of them can be obtained from public repositories. 
The comprehensive Arabidopsis microarray data is accessible across a wide range of 
conditions, treatments and genotypes. Analyzing, integrating and translating of these data are 
important for identifying new pathways, interactions and functions of known or unknown 
genes. MetaOmGraph (MOG) is a Java program designed to analyze and plot large sets of data. 
It can be downloaded from the MetNet website (www.metnetdb.org).  The plot produced by 
MOG for each gene could be visualized across a variety of conditions (Mentzen and Wurtele, 
2008). 
We built a new set of Arabidopsis transcriptome dataset for MOG, which consists of 
554 experiments including 6871 chips obtained from the Arrayexpress database.  The 6817 
chips were normalized to a common range, and the replicates were averaged to yield 2293 
samples.  To avoid artificial signals, samples with poor replicate quality (the Pearson 
correlation among replicates is below 0.9), and samples with abnormal normalization were 
removed. The resulting 1724 samples from 378 experiments were obtained. For further 
analysis, 27 samples were removed due to negative values, and 1657 genes were removed due 
to low expression values.   
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A highly correlated expression pattern of a pair of genes indicates that these two genes 
are more likely to be co-regulated or functionally related.  Such sets of genes retain local dense 
connections among the whole co-expression network, named by regulons.  There are several 
co-expression measures used to evaluate similarity of gene expression patterns, such as 
Pearson correlation, Spearman's rank correlation and so on.  In our case, Pearson correlation is 
used, and Feng’s work (unpublished data) shows that more stable Pearson correlations of gene 
pairs are obtained from larger microarray data.  To build a co-expression network for regulons, 
there are several steps: setting up a threshold value of Pearson correlation, building regulons 
according to this cutoff value and using GO terms or other methods to evaluate the obtained 
regulons. The well-established co-expression regulon network aids people to predict new genes 
or new functions of known genes. The appendix here only shows the results of cutoff value 
identification and a brief summary of the regulons we newly obtained. 
Identifying a correlation cutoff value is the first step for building a co-expression 
network for regulons. To obtain this value, we plotted the density of the overall network 
derived from Pearson correlations cutoffs between 0.3 and 1.0.  This approach considers that 
the overall network density reflects how densely the nodes are linked in a graph (Mao et al., 
2009).  At a given cutoff, if a node has no connections with other nodes, it is removed from the 
network.  If all nodes in a network are fully connected, the density will be 1.  We found that the 
density of the network increases after a cutoff around 0.7 (Figure 1), which indicates that the 
network after filtered by high Pearson correlation cutoff (0.7 here) will keep the locally densely 
connected subnetworks. According to this cutoff value, a co-expression network of regulons is 
built up. This co-expression network contains 9805 nodes, 420633 edges and 128 largest 
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regulons (i.e., containing at least 10 genes). Further analysis and evaluation for this regulon 
network will be applied in the future. 
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Fig 1. Density of the co-expression network vs. Pearson correlation.  
The curve represents the density of the positively correlated coexpression network from the 
Arabidopsis transcriptomic data. The corresponding cutoff 0.7 we selected for regulon analysis 
is indicated by red arrow. The co-expression network retains locally dense connections after 
filtering edges with correlations less than the cutoff value 0.7 and removing the isolated nodes.   
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